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GENERAL INTRODUCTION 
Overview 
Biotin was originally discovered as the "protective factor" 
(protective factor X) from "egg white Injury", which is a disease 
caused in human and experimental animals by feeding large amounts of 
uncooked egg white (Boas, 1927). The "egg white injury" is due to the 
existence of a glycoprotein, avidin, in egg white. Avidin binds biotin 
with extraordinary high affinity. The dissociation constant for biotin 
from avidin is approximately 10-^5 m (Kôgl and Tônnis, 1936). The 
biological function of avidin in egg white is unclear, but has been 
speculated to be for the protection of eggs from pathogens (Green, 
1975). That nature chose avidin-blotin system as a defense mechanism 
suggests that biotin is important for life. Genetic studies have shown 
that mutations affecting biotin synthesis and utilization are lethal in 
bacteria (Eisenberg, 1987), yeast (Mishina et al., 1980), human (Wolf 
and Heard, 1989), and plants (Shellhammer and Meinke, 1990). These 
studies confirm the essential biological function of biotin. Due to its 
importance in biology, the structure, biosynthesis, mechanism of 
reactions and metabolic functions of biotin-containing enzymes have 
been investigated vigorously in animal and microbial systems in the 
last 50 years. Biotin has been found to be of central importance in 
lipogenesis, gluconeogenesis and the catabolism of branched-chain 
amino acids in animals and bacteria (Moss and Lane, 1971 ; Wood and 
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Kumar, 1985; Dakshinamurti and Bhagavan, 1985; Knoles, 1989; Mildvan 
et al., 1991). By comparison, the biochemistry of biotin and of biotin 
enzymes in plants have not been well studied. To fill this gap in our 
knowledge of biotin enzymes the study presented here has focused on 
the molecular cloning of cDNAs and genes coding for p-methylcrotonyl-
CoA carboxylase (MCCase) from tomato and characterization of the 
structure and regulation of this newly identified plant biotin enzyme. 
The Biotin Prosthetic Group 
Biotin is also called vitamin H. It was first isolated from egg yolk 
in 1936 by KogI and Tonnis (KogI and Tonnis, 1936). Its structure was 
determined in 1942 (Du VIgeaud et al., 1942) and was later verified by 
X-ray crystallography (Traub, 1956). As shown in Fig. 1, biotin is a 
bicyclic compound with fused ureido (imidazolidone) and thiophene, and 
an aliphatic carboxylic acid side chain. The function of the biotin 
prosthetic group in biotin enzymes is to act as an intermediate-carrier 
of a carboxyl group. The carboxylation site on biotin is at the N-1 
position (Lynen et al., 1961). Biotin is covalently attached to enzymes 
through an amide linkage between the carboxyl group of the side chain 
of biotin and the e-amino group of a lysine residue, forming biocytin 
(biotinyl-lysine). The maximum distance from the a-carbon of lysine 
to C-2 of the tetrahydrothiophene ring is 14 A (Gregolin, 1968). This 
14 À arm could give the bicyclic ring sufficient freedom of 
translocation in the enzyme. This flexibility of movement is Important 
Biotin 
Biocytin 
O 
^CCHt2)4-C-NH- OH 
3f 
s 
Carboxybiotinyl-enzyme 
Lys 
residue NU 
isrir- en 
o=c 
J— 
Figure 1. Biotin, biocytin and carboxybiotin-enzyme. 
Biotin, IVlr = 244.3; biocytin, IVlr = 372.5. 
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for biotin enzyme action since biotin probably moves between two 
active sites during the catalytic reaction (Knowles, 1989). 
Biotin Dependent Enzymes 
The function of biotin in enzymology is to transfer CO2 between 
substrate in a number of carboxylation, decarboxylation and 
transcarboxylation reactions. Thus biotin enzymes are accordingly 
classified into three groups: carboxylases, decarboxylases and 
transcarboxylases (Moss et al., 1971). To date up to nine biotin 
enzymes have been identified. In the carboxylase category, these are 
ACCase, PCCase, MCCase, PCase, GCase and UCase. In the decarboxylase 
category, they are OADCase and methylmalonyl-CoA DCase. The 
transcarboxylase category has only one member which is TCase. The 
reactions catalyzed by these enzymes are involved in diverse metabolic 
processes. These biochemical pathways are fundamental to life, and 
include lipogenesis, gluconeogenesis, and the catabolism of branched-
chain amino acids. 
Although each enzyme has distinct metabolic function(s), in every 
instance the catalytic reaction mechanism can be explained by the role 
of biotin in these reactions. The role of biotin is to act as an 
intermediate-carrier of carboxyl group that is being transferred from 
one substrate to another (Moss and Lane, 1971). 
The overall reactions catalyzed by biotin enzymes are carried out in 
two steps. The first step involves the carboxylation of biotin on the 
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enzyme. In the second step, carboxyl group is transferred from 
carboxybiotinyl enzyme intermediate to an appropriate substrate which 
serves as an acceptor (Knowles, 1989). 
Structures of biotin-dependent enzymes 
The two substrate binding sites and the biotin prosthetic group are 
reside on different domains or subunits of biotin enzymes. For 
example, ACCase from E.coli has three functional components: 
1. Biotin carboxy-carrier protein (BCCP), on which the biotin 
prosthetic group is covalently bound to a lysine residue. 
2. Biotin carboxylase, which catalyzes the ATP-dependent 
carboxylation of the BCCP-bound biotin in the first half-reaction, 
3. Carboxyltransferase, which transfers the carboxyl group from the 
carboxylated biotin to acetyl-CoA to form malonyl-CoA in the 
second half-reaction. 
All the three components are required for the overall reaction (Alberts 
et ai., 1968; 1969; 1971; Guchhait et al., 1971). These functions are 
also seperated onto three different polypeptides in the case of TCase 
(Wood et al., 1963; Ahmad et al., 1970). 
The ACCases from Streptomyces erythreus (Hunaiti and Kolattukudy, 
1982) and Turbatrix aceti (Meyer et al., 1978), however, have the three 
functions seperate on two different subunits. The biotin-containing 
subunit has both the BCCP and biotin carboxylase functions, and the 
carboxytransferase function is on a seperate subunit. Such an 
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organization is also found in PCCases from animals (Halenz et al., 
1962), MCCases from animals (Law et al., 1979) and bacteria (Schlele et 
al., 1975; Fall and Hector, 1977). 
In contrast, the ACCase from animals, yeast and plants (Takai et al., 
1987; Lopez-Casillas et al., 1988) and PCase from animals and yeast 
(Lim et al., 1988) contain all three functions on a single polypeptide. 
Based on these structures of biotin enzymes, Lynen hypothesized a 
gene-fusion mechanism by which the organization of biotin enzymes 
arose in envolution (Lynen, 1979). The hypothesis indicates that there 
may be two evolutionary steps for biotin-containing enzymes. The 
first is the fusion of the BCCP function with the biotin carboxylase 
function. The second is the fusion of the carboxyltransferase function 
with the fused BCCP-biotin carboxylase functions. 
Support for this hypothesis comes from the sequence similarity that 
biotin enzymes exhibit. One sequence domain that is shared among 
biotin enzymes occurs at the amino acid sequence flanking the 
biotinylated the lysine residue that is biotinylated (Fig. 2). The 
(AIa/Val)-Met-Lys-Met sequence is apparently absolutely conserved. 
However, this sequence is not the only structural information that 
defines the biotinylation site, since mutations away from this 
sequence motif affects biotinylation of this lysine residue (Samols et 
al., 1988). 
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pTBP V L E A M K M E H V V 
H-PC V L S A M K M E T V V 
S-PC V L S A M K M E T V V 
T-PC V L S A M K M E T V V 
A-PC V L S A M K M E T 
s. 
Y-PC V L S A M K M E M I I 
TC V L E A M K M E T E I 
K. p. -OADC I L E A M K M E T E I 
S. t. -OADC I L E A M K M E T E I 
H-PCC I E A M K M Q N S M 
R-PCC : v '. I E A M K M Q N S M 
E. c. -BCCP I V E A M K M H N Q I 
Ch-ACC E I E V M K M V M T L 
R-ACC E I E V M K M V M T L 
Y-ACC E I E V M K M V M P L 
Figure 2. Comparison of the amino acid sequences of biotin enzymes in their 
biotinylation sites. pTBP, tomato MCCase cDNA clone (see section I); 
H-PC, human PCase; S-PC, sheep PCase; T-PC, turkey PCase; A-PC, 
avian PCase; Y-PC, yeast PCase; TC, P. sfterman//transcarboxyiase; 
K.p.-OADC, Klebsiella oxaloacetate decarboxylase; S.f.-OADC, 
Salmonella oxaloacetate decarboxylase; H-PCC, human PCCase; 
R-PCC, rat PCCase; E.c.-BCCP, Eco//BCCP; Ch-ACC, chicken 
ACCase; R-ACC, rat ACCase; Y-ACC, yeast ACCase. Amino acids 
identical to tomato MCCase are boxed. 
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Biotin-dependent carboxylases 
All biotin dependent carboxylases catalyze identical first step 
reactions (Moss and Lane, 1971), as sliown in Reaction [1]. The carboxyl 
group is donated by bicarbonate, new carbon-nitrogen bond formed 
between biotin and CO2 at the cost of hydrolysis of ATP. The carboxyl 
group is subsequently transferred from the carboxybiotinyl 
Intermediate to an acceptor in the second step reaction as shown in 
Reaction [2], The overall reaction is given as Reaction [3]: 
ENZ-BIOTIN + HCO3" + ATP ENZ-BI0TIN-C02* + ADP + Pi [1 ] 
ENZ-BI0TIN-C02'+ ACCEPTOR ENZ-BIOTIN + ACCEPTOR-COa" [2] 
HCOa" + ATP + ACCEPTOR ADP + Pi + ACCEPTOR-COa [3] 
The final acceptor of the carboxyl group is dependent on the specific 
enzyme involved. 
In mammals there are four biotin-dependent carboxylases. They are 
ACCases, PCases, PCCases, and MCCases. UCase was found in yeast and 
unicellular green algae. GCase was found in bacterium Pseudomonas 
citronellolis. 
Acetyl-CoA carboxylase (ACCase; EC 6.4.1.2) catalyzes the 
carboxylation of acetyl-CoA to form malonyl-CoA. This reaction is the 
first and rate-limiting reaction of fatty acid biosynthesis in bacteria, 
yeast, animals and plants. Mammalian ACCase is allosterically 
activated by citrate and isocitrate, which is associated with 
polymerization of protomer. In addition long-chain fatty acyl-CoA 
derivatives are inhibitors of ACCases. Affectors of the protomer-
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polymer equilibrium determine the level of carboxylase activity. 
Activation associated with polymerization, while inactivation is the 
result of disaggregation of the active polymer. cDNAs and genes coding 
for ACCase have been recently cloned from rat (Lopez-Casillas et al., 
1988), chicken (Takai et al., 1987; 1988), yeast (Al-Fell et al., 1992) 
and E.coli (Li and Cronan, 1992a; 1992b; Kondo et al., 1991). 
Pyruvate carboxylase (PCase; EC 8.4.1.1) catalyzes the 
carboxylation of pyruvate to form oxaloacetate. It is involved in both 
gluconeogenesis, lipid biosynthesis and an anaplerotic reaction for the 
tricarboxylic acid cycle. PCases from animal and yeast are 
allosterically activated by acetyl-CoA. The amino acid sequences of 
PCase from rat (Lim et al., 1988), human (Freytag and Collier, 1984) 
and mouse (Zhang et al., 1993) have been elucidated. 
Propionyl-CoA carboxylase (PCCase; EC 6.4.1.3) catalyzes the 
carboxylation of propionyl-CoA to form methylmalonyl-CoA. In animals 
and bacteria, the methylmalonyl-CoA is then converted to succinyl-
CoA, by vitamin Bi2-dependent isomerase. The succinyl-CoA can be 
further oxidized through the tricarboxylic acid cycle. PPCase is 
involved in the catabolism of certain amino acids, isoleucine, valine, 
methione and threonine, and also thé catabolism of odd-chain fatty 
acids. The amino acid sequences of PPCase from rat (Browner et al., 
1989; Kraus et al., 1986) and human (Lamhonwah et al., 1986; 1987) 
have been elucidated from their cDNA sequences. 
p-Methylcrotonyl-CoA carboxylase (MCCase; EC 6.4.1.4) 
catalyzes the carboxylation of p-methylcrotonyl-CoA to form p-
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methylglutaconyl-CoA. . The p-methylcrotonyl-CoA comes from the 
degradation of the amino acid leucine. The p-methylglutaconyl-CoA is 
further oxidized into acetyl-CoA and eventually CO2 in the tricarboxylic 
acid cycle. Unlike ACCase, PCCase and PCase, genes or cDNAs coding 
for MCCase has never been cloned before from any organism. Therefore 
the primary sequence of this enzyme is still unknown. 
Geranyl-CoA Carboxylase (GCCase; EC 6.4.1.5) catalyzes the 
carboxylation of geranyl-CoA to form carboxygeranyl-CoA. It plays 
central role in the bacterial degradation of isoprenoid compounds 
(Seubert and Remberger, 1963). It has been found in Pseudomonas 
citronellolis (Seubert et al., 1978), Pseudomonas aeruginosa, 
Pseudomonas mendocina and Acinetobecter species (Cantwell et al., 
1963). In Pseudomonas citronellolis, the enzyme is inducable by 
citronellol (Seubert et ai., 1978). The carboxylase also catalyzes the 
carboxylation of farnesyl-CoA and p-methylcrotonyl-CoA. 
Urea carboxylase (UCase) catalyzes the carboxylation of urea to 
form allophanate. It was found In certain yeast and unicellular green 
algae when urea is their sole nitrogen source (Roon and Levenberg, 
1969; Domnas, 1962). The gene coding for UCase from yeast was 
recently isolated from yeast (Genbauffe and Cooper, 1991). 
Biotin-dependent decarboxylases 
Biotin-dependent decarboxylases catalyze reactions that can be 
considered as the reverse of the reactions catalyzed by biotin 
dependent-carboxylases. The energy released by the decarboxylation 
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reaction is utilized to couple the transportation of Na+ out of cells of 
certain anaerobic microorganisms. All biotin-dependent 
decarboxylases catalyze a first step reaction in which biotin is 
carboxylated as shown in Reaction [4]. The carboxyl group is donated by 
the specific-donor depending on the enzyme. The carboxyl group is 
subsequently released from the carboxybiotinyl intermediate as shown 
in Reaction [5]. The overall reaction is given as Reaction [6]: 
ENZ-BIOTIN + DONOR-CO2" ENZ-BIOTIN-CO2" 
+ DECARBOXYLATED DONOR [4] 
EN2-BI0TIN-C02'+ H+ ENZ-BIOTIN + CO2 [5] 
DONOR-CO2" + H+ -> DECARBOXYLATED DONOR + CO2 [6] 
Methyimalonyi-CoA Decarboxylase catalyzes the 
decarboxylation of methylmalonyl-CoA to produce propionyl-CoA and 
CO2. This reaction is the terminal step in lactate fermentation in 
Micrococcus lactilyticus (Galivan and Alien, 1967; 1968). 
Oxaloacetate decarboxylase (OADCase; E.G. 4.1.1.3) catalyzes the 
decarboxylation of oxaloacetate to produce pyruvate and CO2. The 
enzyme is found during citrate fermentation (Stern, 1967). The genes 
coding for this enzyme have been recently isolated from Salmonella 
(Woehike et al., 1992) and Klebsiella (Schwarz and Oesterhelt, 1985; 
Schwarz et al., 1988; Laupermair et al., 1989). 
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Biotin-dependent transcarboxylase 
Methylmalonyl-CoArpyruvate transcarboxylase (TCase; EC 
2.1.3.1) is the only known biotin-dependent transcarboxylase. It 
catalyzes the transfer of carboxyl group from methylmalonyl-CoA to 
pyruvate, producing propionyl-CoA and oxaloacetate. The two two-step 
reactions are shown below in Reactions [7] and [8]. The overall reaction 
is given in reaction [9]. 
ENZ-BIOTIN + METHYLMALONYL-CoA -> ENZ-BIOTIN-CO2" 
+ PROPlONYL-CoA [7] 
ENZ-BIOTIN-CO2- + PYRUVATE ENZ-BIOTIN + OXALOACETATE [8] 
METHYLMALONYL-C0A+PYRUVATE -> PROPIONYL-CoA 
+ OXALOACETATE [9] 
The enzyme was found in Propionibacteria (Werkman and Wood, 1942), 
has been purified to homogeneoty and studied extensively in Wood's 
laboratory (Wood et al., 1963). The reaction is the terminal reaction in 
the fermentation of glucose, glycerol and lactate to produce propionate 
as the end-product. Recently, the genes coding for this enzyme have 
been isolated (Murtif et al., 1985; Samols et al., 1988). 
p-Methylcrotonyl-CoA Carboxylase 
MCCases have been investigated from bacteria and animals (Schiele 
and Lynen, 1981; Fall, 1981 ; Lau and Fall, 1981a). They have been 
highly purified and well characterized from Achromobacter, 
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Pseudomonas citronellis and bovine kidney. In eacii case, the enzyme is 
composed with two different subunits. The large subunit has a 
molecular weight of 73,000 to 96,000 and biotin attached. The small 
subunit has a molecular weight of 61,000 to 78,000 and is biotin-free. 
The molecular weight of the holoenzyme is between 520,000 and 
835,000. The enzyme activity was also found in Mycobacterium (Lynen 
et al., 1961): human fibroblast (Wolf and Kalousek, 1978), human 
placenta (Lau and Fall, 1979); bovine liver, adrenals, lung, skeletal 
muscle: rat kidney, liver (Lau and Fall, 1981); somatic carrot embryos, 
rape seed, sunflower seed, maize leaf and carrot leaf (Wurtele and 
Nikolau, 1990); green pea leaves (Baldet et al., 1992). 
Compared to the extensive characterizations of MCCase from animal 
and bacterial sources, knowledge of plant MCCase is limited. MCCase 
activity was only recently found in plant systems (Wurtele and Nikolau, 
1990). The finding that MCCase is the mitochondria of plant cells 
(Baldet et al., 1992; Wurtele et al., in preparation) suggests that plant 
MCCase may function in the catabolism of leucine as in animals and 
bacterials (Fig. 3). In addition, MCCase may have a metabolic function 
in the "mevalonate shunt" by which mevalonate can be metabolized to 
non-isoprenoid compound. 
Unlike the cases of ACCase, PCCase, PCase, UCase, OADCase and 
TCase, neither the gene nor the cDNA coding for this enzyme has been 
isolated from any organism. 
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Figure 3. Catabolism of leucine in animal and bacterial systems. 
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Structure of p-methylcrotonyl-CoA carboxylase 
B-Methvlcrotonvl-CoA carboxylase from Achromobacter 
MCCase has been highly purified by Lynen's laboratory (Himes et al,, 
1963; Apitz-Castro et al., 1970). It has a molecular weight of 760,000 
and is composed of two different polypeptides. The large polypeptide 
(B-subunit) has a molecular weight of 96,000 whereas the small one 
(A-subunit) has a molecular weight of 78,000. This leads to a assumed 
MCCase structure of A4B4. The large subunit contains biotin prosthetic 
group. 
The enzyme has the ability to carboxylate free biotin (Himes et al., 
1963). Based on this property, Lynen established the two-step reaction 
mechanism of biotin enzymes via the carboxybiotin intermediate (Lynen 
et al., 1961; Knappe et al., 1961). The carboxylation site on biotin was 
identified as the N-1 position (Knappe et al., 1963). Later this was 
confirmed by several other laboratories with other biotin-containing 
enzymes (Moss and Lane, 1971). The biotin prosthetic group was shown 
to be bound to the e-amino group of a lysine residue (Knappe and 
Beiderbick et al., 1962; Knappe and Wenger et al., 1963) which has also 
been the case in all the other biotin-containing enzymes investigated 
(Moss and Lane, 1971). When bacteria are grown in the absence of 
biotin, approximately 20% of the MCCase is in the apoenzyme form. 
With sufficient exogenously supplied biotin, all the MCCase is in the 
holoenzyme form (Hopner and Knappe, 1965). 
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There are observations of dissociation of the enzyme complex. The 
dissociation is promoted by lodoacetamide (Schiele and Sturzer, 1975). 
The substrate p-methylcrotonyl-CoA decreases the degree of 
dissociation of the enzyme, but ATP has no influence on the 
dissociation. 
The Isolated blotin-containing subunit Is able to catalyze the 
carboxylation of free biotin (Schiele et al., 1975). Thus the biotin-
contalning subunit has both BCCP function and biotin carboxylase 
function. Transfer of the carboxyl group from p-methylglutaconyl-CoA 
to free biotin, in the presence of the biotin-free subunit, was not 
demonstrated. But when both subunits were incubated together, the 
overall enzymatic activity was regenerated. Based on this observation, 
the biotin-free subunit was assumed to carry carboxyitransferase 
function. 
p-Methvlcrotonvl-CoA carboxylase from Pseudomonas citronellolis 
p-Methylcrotonyl-CoA carboxylase from Pseudomonas citronellolis 
was purified and characterized in Fall's laboratory (Fall and Hector, 
1977; Hector and Fall, 1976). MCCase in this organism is inducible by 
growing the cells in the presence of leucine or isovalerate as the sole 
carbon source. The molecular weight of this enzyme is between 
520,000-580,000 as measured by gel filtration and from exclusion 
limit polyacrylamide gel electrophoresis. The enzyme is composed of 
two types of subunits. The molecular weights of the two subunits are 
73,000 and 63,000. The biotin is bound to the large subunit. 
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B-Methvlcrotonvl-CoA carboxylase from bovine kidney 
p-Methylcrotonyl-CoA carboxylase from bovine kidney was also 
purified and characterized in Fall's laboratory (Lau et al., 1979; Lau et 
al., 1980; Lau and Fall, 1981b). The molecular weight of the enzyme 
was estimated as 835,000. Two nonidentical subunits have molecular 
weights of 73,500 and 61,000, respectively. The large subunit contains 
the biotin prosthetic group. 
The enzyme was found in mitochondria (Hector et al., 1980). It 
appears to be associated with the inner mitochondrial membrane. 
Release of MCCase from the inner membrane fraction was achieved by 
polyethylene glycol treatment. 
Metabolic role of p-methylcrotonyl-CoA carboxylase 
The role of MCCase in the catabolism of leucine has been well 
established in bacterial and animal systems (Moss and Lane, 1971). 
Isotopically labeled leucine was initially used to elucidate the pathway 
of leucine degradation. The degradation products of leucine were found 
to be acetoacetate (Zabin and Bloch, 1950; Coon, 1950) and acetate 
(Coon and Gurin, 1949). Radioactive lable from l^c-Bicarbonate was 
incorporated into the final product acetoacetate during leucine 
catabolism (Plaut, 1951 ; Plaut and Lardy, 1951). Based on these data. 
Coon first proposed the entire leucine degradation pathway (Coon et al., 
1955). In this pathway (Figure 4), leucine is converted to a-
ketoisocaproate by a transamination reaction and then to a CoA 
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thioester isovaleryl-CoA. The isovaleryl-CoA is subsequently 
dehydrogenated to form p-methylcrotonyl-CoA. The action of MCCase 
convertes p-methylcrotonyl-CoA to p-methylglutaconyl-CoA, which is 
further hydrated by a specific hydrase to produce p-hydroxyl-p-
methylglutaryl-CoA (HMG-CoA). The final reaction is the cleavage of 
HMG-CoA to form acetoacetate and acetyl-CoA. 
The leucine catabolism in plants has not been established. This is 
partially due to the fact that there are no clear data to show the 
presence of methylglutaconyl-CoA hydrase in plants (Yu-lto et al., 
1982). Also the existence of MCCase in plants was not known until 
very recently (Wurtele and Nikolau, 1990; Baldet et al., 1992), The 
discovery of MCCase in plant kingdom along with other indirect 
evidence (Koops et al., 1991; Overton, 1985) suggests that in plants 
leucine Is catabolized through the same pathway as in animal and 
bacteria. 
Gerbling and Gerhardt (1989) have provided evidence in vitro that 
leucine can be catabolized by an alternative pathway which may be 
located in peroxisomes. p-Methylcrotonyl-CoA, an intermediate from 
leucine degradation, is proposed to be converted isobutyryl-CoA, which 
is further converted to propionyl-CoA and subsequently acetyl-CoA. 
Thus, in this pathway, MCCase is not required for leucine catabolism. 
However, there is no report of in vivo evidence for the peroxisome 
leucine degradation pathway. 
Studies with animals have shown that mevalonate can be diverted 
from isoprenoid biosynthetic pathway and used for the synthesis of 
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non-isoprenoid compound via a hypotlietic patfiway "mevalonate shunt" 
(Edmond and Popjak, 1974). MCCase catalyzes a central reaction in 
"mevalonate shunt". Nes and Bach (1985) demonstrated that in primary 
leaf tissue of wheat seedlings [23H]mevalonate was incorporated into 
long-chain fatty alcohols as efficiently as into sterols, whereas 
[53H]mevalonate was metabolized only to sterol. These results suggest 
that a similar pathway may be operating in higher plants. 
Plant Blotln-Containing Enzymes 
Knowledge of biotin-containing enzymes is mostly from animal and 
microbial sources (Dakshinamurti et al., 1985; Wood and Garden, 1977; 
Moss and Lane, 1971). Recently, molecular cloning of genes coding for 
ACCase (Takai et ai., 1987; Rylatt and Wallace, 1971; Kondo et al., 
1991; Li and Cronan, 1992), PCase (Freytag and Collier, 1984; Alberts 
and Vogelos, 1972), PCCase (Lamhonwah et al., 1986; 1987), TCase 
(Murtif et al., 1985), and OADCase (Alberts and Vagelos, 1972; Woehike 
et al., 1992) has enabled the elucidation of the primary sequence of 
these enzymes. In contrast to the extensive characterization of biotin-
containing enzymes from animal and microbial sources, knowledge of 
biotin-containing enzymes from plants is limited. Indeed, until 
recently the only biotin-containing enzyme that was known in plants 
was ACCase (Wurtele and Nikolau, 1990). However, there are 
indications that additional biotin-containing polypeptides occur in 
extracts from plants (Nikolau et ai., 1987; 1984a; 1984b; 1985; 
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Wurtele and Nikolau, 1992; Nikolau et al., 1992; Kannangara and Jensen, 
1975; Hoffman et al., 1987; Baldet et al., 1992;1993). Recently, the 
occurrence of three additional biotin-containing enzyme activities have 
been reported in plants (Wurtele and Nikolau, 1990; 1992), these being 
PCCase, PCase and MCCase. However, the identification of each enzyme 
activity with biotin-containing polypeptides is still unclear. In this 
dissertation I present evidence for identification of the 78 kD biotin-
containing polypeptide of tomato as the biotin-containing subunit of 
MCCase. 
The best characterized biotin-containing enzyme in plants is 
ACCase. Plant ACCase has been reported to be of approximately 500 kD. 
Most of plant ACCases have been shown to be composed with two 
subunits of 220,000 (Egin-Buhler and Ebel, 1983; Slabas and Hellyer, 
1985; Charles and Cherry, 1986; Hellyer et al., 1986; Slabas et al., 
1986; Egli et al., 1992;1993). ACCase with biotin-containing subunits 
of 60,000 were reported from maize (Nikolau and Hawke, 1984) and 
somatic carrot embryo (Nikolau et al., submitted). The reports of two 
types of ACCases in plants suggest that these organisms contain 
isoenzyme of ACCase. In plants, malonyl-CoA is an intermediate 
involved in multiple processes including the biosynthesis of fatty acids 
(Stumpf, 1987), very long-chain fatty acids (Kolattukudy et al., 1976; 
Bessoule et al., 1989), flavonoids (Hahlbrock, 1981), stilbenoids 
(Gorham, 1980), anthroquincnes (Packter, 1980), malonyi derivatives of 
D-amino acids (Ogawa et al., 1973; Liu et al., 1983), malonation of 1-
aminocyclopropane carboxylic acid ( Liu et al., 1983; Su et al., 1985) 
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and malonic acid (Stumpf and Burris, 1981). Thus ACCase isoenzymes 
may be located in different compartments In the plant cell or expressed 
at different developmental stage of the plant's life for these multiple 
metabolic processes. 
The discovery of MCCase activity in plant protein extracts was 
recently reported (Wurtele and Nikolau, 1990). The enzyme appears to 
be biotin-dependent since the activity is avidin-sensitive. The 
existence of MCCase in plants was confirmed by this dissertation and 
other reports (Chen et al., 1993; Baldet et al., 1992; Song, in 
preparation; Diez, in preparation). In addition, a cDNA, originally 
isolated from tomato (Hoffman et al., 1987), as coding for a putative 
plant biotin enzyme has been shown in this dissertation to be a cDNA 
coding for the biotin subunit MCCase. 
Holocarboxylase Synthetase 
Biotin is covalently attached to biotin-containing enzymes via an 
amide linkage between the carboxylic acid group of biotin and the e-
amino group of a lysine residue of the enzyme. The biochemistry of the 
attachment of biotin to apoenzyme has been extensively studied in 
animal and bacterial systems (Moss and Lane, 1971). In 1960's, several 
laboratories found that when organisms are deprived of biotin 
activities of biotin-containing enzymes decrease. When the biotin-
deficient cells or cell-free extracts were incubated with free biotin, 
Mg2+ and ATP, the activities of biotin-containing enzymes were rapidly 
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restored (Kosow and Lane, 1961a; 1961b; 1962; Kosow et al.,1962; 
Jacobs and Majerus, 1970; Deodhar and Mistry, 1969a; 1969b). It has 
been demonstrated that the rapid restoration of enzyme activities is 
Independent of new protein synthesis (Deodhar and Mistry, 1989a; 
1969c). Therefore under the biotin deficiency condition, the total 
enzyme (apoenzyme plus holoenzyme) concentration remains the same 
level as under sufficient biotin condition (Kosow and Lane, 1961a). 
The attachment of biotin to apoenzymes was found to be catalyzed 
by holocarboxylase synthetase (Kosow and Lane, 1961a; 1962a; 1962b; 
1962c). Utilizing methylmalonyl-CoArpyruvate apotranscarboxylase as 
a model. Lane concluded that holocarboxylase synthetase catalyzed a 
two-step Reaction [10] and [11], (Lane et al.,1964a; 1964b). The overall 
reaction is given as Reaction [12]: 
BIOTIN + ATP -> BI0TINYL-5'-AMP + PPi [11] 
BI0TINYL-5'-AMP + ENZ-LYSYL-e-NHe 
ENZ-LYSYL-e-NH-BIOTIN + 5'AMP [12] 
BIOTIN + ATP + ENZ-LYSYL-E-NH2 
ENZ-LYSYL-e-NH-BIOTIN + 5'AMP + PPi [14] 
The enzyme has very broad specificity toward the acceptor apoenzymes 
from different sources. It has been demonstrated that holoenzyme 
synthetase from Propionibacterium shermenii is able to catalyze 
biotinylation of apopropionyl-CoA carboxylase from rat, apo-p-
methylcrotonyl-CoA carboxylase from Achromobacter (McAllister and 
Coon, 1966). Consequently, the amino acid sequences around 
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biotinylation sites in biotin enzymes are conserved during evolution 
(Figure 2). The broad specificity toward apoenzymes by holoenzyme 
synthetase was also demonstrated by the fact when DNA sequences 
coding for biotin-containing enzymes are expressed in a heterologous 
host, the gene product is biotinylated by the host holocarboxylase 
synthetase (Hoffman et al., 1987). 
Although the holoenzyme synthetase from animal and bacteria have 
been studied to some extent, current knowledge of the biochemistry of 
biotinylation In plants is very limited. Indeed this dissertation reports 
for the first time that biotinylation of the apoenzyme is an important 
mechanism for regulating the organ-specific activity of MCCase in 
plants. 
Explanation of Dissertation Format 
This dissertation contains a general introduction to the problem 
addressed with a critical review of the literature. The introduction is 
followed by three research papers as manuscripts, after which there is 
a general summary and conclusions. Finally, the literature cited in the 
general introduction and the general summary and conclusions is given. 
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PAPER I. MOLECULAR CLONING OF cDNAS AND GENES 
CODING FOR p-METHYLCROTONYL-CoA 
CARBOXYLASE OF TOMATO 
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ABSTRACT 
Biotin-containing enzymes catalyze critical reactions in diverse 
metabolic processes. In contrast to the extensive characterization of 
biotin-containing enzymes from animal and microbial sources, little is 
known about these enzymes from plants. Hoffman et al. 
serendipitiously isolated a cDNA from tomato that appears to code for 
a biotin-containing polypeptide. This cDNA was used as probe to 
isolate three longer cDNAs (1.0 kb, 1.5 kb, and 1.7 kb) and two genomic 
clones from tomato. These longer cDNA clones have been expressed in 
Escherichia coli and the expressed proteins were purified to 
homogeneity. The antisera against these purified proteins specifically 
Inhibit p-methylcrotonyl-CoA carboxylase activity in tomato cell free 
extracts. Thus, these cDNAs are identified to code for a biotin-
containing polypeptide that is a subunit of p-methylcrotonyl-CoA 
carboxylase, an enzyme catalyzing a central reaction of leucine 
catabolism. Western blot analysis indicates that the biotin-containing 
subunit of tomato p-methylcrotonyl-CoA carboxylase is a 78 kDa 
polypeptide. Northern blot analysis identified the 2.4 kb mRNA for the 
biotin-containing subunit of p-methylcrotonyl-CoA carboxylase. 
Comparison of the amino acid sequence of the biotin-containing subunit 
of p-methylcrotonyl-CoA carboxylase deduced from the nucleotide 
sequences of the cDNAs, with other biotin-containing enzymes suggests 
that this protein carries the biotin carboxylase and the biotin carboxyl 
carrier functions. 
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INTRODUCTION 
Biotin is an essential co-factor for a set of enzymes involved in 
diverse metabolic processes, such as lipid metabolism, amino acid 
metabolism and carbohydrate metabolism (Moss and Lane, 1971; Wood 
and Barden,1977; Wood and Kumar, 1985; Dakshinamurti and Bhagavan, 
1985; Knowles, 1989; Mildvan et al., 1991). Although each enzyme has 
distinct metabolic functions, all biotin enzymes share the same 
catalytic mechanism. The biotin prosthetic group in these enzymes 
serves as an intermediate carrier of the carboxyl group being 
transferred from one substrate to another (Moss and Lane,1971; Wood 
and Barden,1977; Knowles, 1989). The overall reactions catalyzed by 
these enzymes are carried out in two steps. The first step involves the 
carboxylation of the enzyme-bound biotin by the biotin carboxylase 
activity. In the second step, the carboxyl group is transferred from 
carboxy-biotinyl enzyme intermediate to an appropriate acceptor by the 
carboxyltransferase activity. For biotin-containing carboxylases, the 
two-step Reactions, [1] and [2], result in the overall Reaction [3]: 
ENZ-BIOTIN + HCO3" + ATP -4- ENZ-BI0TIN-C02- + ADP + Pj [1 ] 
ENZ-BIOTIN-CO2" + ACCEPTOR ENZ-BIOTIN + ACCEPT0R-C02- [2] 
HCO3- + ATP + ACCEPTOR ADP + Pi + ACCEPTOR-CO2" [3] 
Knowledge of biotin-containing enzymes has been gathered mostly 
from the animal and microbial kingdoms (Dakshinamurti et al., 1985; 
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Wood and Garden, 1977; Moss and Lane, 1971). The biochemistry of 
biotin-containing enzymes from these sources has been well 
established. Recently, molecular cloning of genes or cDNAs coding for 
biotin-containing enzymes from these systems has enabled the 
elucidation of the primary sequences of biotin-containing enzymes. 
Examples of such characterizations are the molecular cloning of 
sequences coding for ACCase^ (Li and Cronan,1992a, b; Kondo et al., 
1991; Lopez-Casillas et al., 1988; Takai et al., 1987; 1988; Al-Feel et 
al., 1992), PCase (Zhang et al., 1993; Lim et al., 1988; Freytag and 
Collier, 1984), PPCase (Browner et al., 1989; Lamhonwah et al., 1986; 
1987; Kraus et al., 1986), TCase (Murtif et al., 1985), oxaloacetate 
decarboxylase (Woehike et al., 1992; Schwarz and Oesterheit, 1985; 
Schwarz et al., 1988; Laupermair et al., 1989) and urea amidolylase 
(Genbauffe and Cooper, 1991). 
In contrast, knowledge of biotin-containing enzymes from plants is 
limited. Indeed until recently the only biotin-containing enzyme that 
was known in plants was ACCase (Wurtele and Nikolau, 1990). 
However, additional biotin-containing polypeptides have been detected 
in extracts from plants (Nikolau et al., 1987; 1984a; 1984b; 1985; 
Wurtele and Nikolau, 1992; Nikolau et al., 1992; Kannangara and Jensen, 
1975; Hoffman et al., 1987; Baldet et al., 1992; 1993). And in addition 
to ACCase three other biotin-containing enzyme activities have been 
reported in plants, these being PCCase, PCase and MCCase (Wurtele and 
Nikolau, 1990; 1992). However, the identity of the biotin-containing 
polypeptide associated with each of these activities is still not clear. 
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In light of the poor understanding of the plant biotin-containing 
proteins, the present study was undertaken, that resulted in the 
identification of a cDNA clone coding for the biotin-containing subunit 
of MCCase from tomato. 
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MATERIALS AND METHODS 
Materials—Al l  res t r i c t i on  endonuc leases  and  DNA mod i f y ing  
enzymes were purchased from Bethesda Research Laboratories, United 
States Blochemicals, or Promega-Biotechnology, and were used as 
suggested by the suppliers. The radioisotopes were purchased from 
Amersham or ICN Biomedicals. All other reagents and blochemicals 
were purchased from Sigma Chemical Co. MO, United States 
Blochemicals, or Fisher Scientific. 
Tomato {Lycopersicum esculantus var. Rutgers) were grown in a 
greenhouse at 18-22 oC under supplemented illumination, with a 15h 
day length. Plants were watered daily and fertilized at weekly 
intervals. Leaves were harvested 60-80 days after planting. 
Isolation of cDNAs—Two d i f f e ren t  cDNA l i b ra r i es  were  emp loyed .  
The first (a gift from Dr. G. T. King, Native Plants Inc. Utah) was a Xgt 
10 cDNA library prepared by oligo (dT)-priming of mRNA isolated from 
tomato leaves (King et al., 1988). Approximately 2 X 10^ plaque-
forming units were subjected to hybridization with a 384 bp tomato 
cDNA clone (we call TBP), (Hoffman et al., 1987). Seventeen hybridizing 
clones were detected under stringent hybridization and washing 
conditions. These clones could be classified into two groups according 
to the sizes of the cDNA inserts. A representative clone from each of 
these two classes was chosen and subcloned into pUC19. The resulting 
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plasmids were called pGKBT (1.5 kb cDNA Insert) and pBTN (1.0 kb cDNA 
Insert). 
The second cDNA library (a kind gift from Dr. A. Bennett, University 
of California, Davis) was a pBluescript SK cDNA library, prepared by 
oligo (dT)-priming of mRNA isolated from ripening fruits of tomato. 
This library was probed with the 5' most end, EcoR\-Rsa\ fragment 
from pGKBT (named BX1. see Figure 1 for the restriction map of the 
GKBT cDNA). From 2.2 X 105 recombinant clones, a single clone was 
detected under stringent hybridization and washing conditions. The 
cDNA insert (1.7 kb in length) was subclone into pBluescript SK, and the 
resulting plasmid was called pMCC-1. 
Isolation of Genomic Clones— A tomato genomic library, in Charon 
34 phage, was a gift of Dr. G. T. King, Native Plants Inc., Utah. 
Approximately 2 X 10^ recombinant phage were subjected to 
hybridization with the cDNA clone from pTBP. Two hybridizing clones, 
XTG1 and XTG12, were isolated. 
Isolation and Analysis of DNA— Tomato genomic DMA was prepared 
from plant tissues as described (Dellaporta et al., 1983). Isolation of 
plasmid DNA and bacteria phage DNA, and manipulation of the isolated 
DNAs, and transformation of E. coli with plasmids were as described by 
Sambrook et al. (1989). Isolated DNA was digested with restriction 
endonucleases and the resulting DNA fragments were separated by 
electrophoresis in 0.7%-1% agarose gels and transferred by capillary 
action (Southern, 1975), to nylon membranes (MSI), using 25 mM sodium 
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phosphate buffer (pH 6.5). Southern blots were subjected to 
hybridization at 65 °C for 12 hours in a 10 ml solution composed of 
0.75 M NaCI, 50 mM Tris-HCI (pH 8.0), 10% (w/v) dextran sulfate, 1X 
Denhardt's solution (50 X Denhardt's solution = 1 g Ficoll, 1 g 
polyvinylpyrrolidone, and 1 g BSA in 100 ml H2O), 0.2% (w/v) SDS, 10 
mM EDTA, 100 |ig/ml of sheared salmon sperm DNA, and 5 ng/ml of 
32p-iabeled DNA probe (specific radioactivity >1 X 108 cpm/p,g). 
Following hybridization the blots were washed and the final most 
stringent wash was with 0.1 X SSC (IX SSC is 0.15 M NaCI, 15 mM 
sodium citrate), 0.5% (w/v) SDS at 68 °C for 30 min. 
DNA restriction fragments, fractionated by electrophoresis in 
agarose gels were purified by adsorption to powdered glass particles 
(GeneClean, Biol 01), which was based on the method developed by 
Vogelstein arid Gillespie (1979). 
32p-Labeled DNA probes were generated in vitro by random-primer 
supported synthesis of DNA with the Klenow fragment of DNA 
polymerase I, in the presence of [a^^pj-dCTP (Feinberg et al., 1984). 
Restriction sites were mapped on DNA fragments from the ladder of 
partial digestion products and confirmed by complete digestion of the 
DNA fragment with restriction enzymes, singly and in combination. 
Isolation and Analysis of RNA— Total cellular RNA was isolated 
from tomato leaves and roots, as described by Logemann et al. (1987). 
RNA was fractionated by electrophoresis in 1.2% (w/v) agarose gel 
containing formaldehyde as described (Lehrach et al., 1977). The 
fractionated RNA was transferred to a nylon membrane (MSI) with 10 X 
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SSC, and the resulting blot was subjected to hybridization with 32p. 
labeled DNA probe. The hybridization was carried out at 65 °C in a 
solution composed of 5X SSPE (1X SSPE is 0.15 M NaCI, 1 mM EDTA, 10 
mM sodium phosphate buffer (pH 7.4)), 5X Denhardt's solution, 0.5% 
(w/v) SDS, 100 pg denatured, sheared salmon sperm DNA, 10% (w/v) 
dextran sulfate and 5 ng/ml of 32p.|abelled DNA probe. After 
hybridization the blots were washed three times with 0.1 X SSC, 0.5% 
SDS at 65 °C. 
DNA Sequencing—cDNAs were cloned in Bluescript SK vector 
(Stratagene) in both potential orientations. Unidirectional deletions 
were generated by the procedure developed by Henikoff (1984). Single-
stranded templates of the deletion mutant constructs were prepared as 
described (Viera and Messing, 1987). DNA sequencing was carried out 
using the Sequenase II kit purchased from United States Biochemical 
Corp., which is based on the dideoxy-medlated chain-termination 
procedure developed by Sanger (1977). 
Computer Analysis of Nucleotide and Predicted Amino Acid Sequence 
All computer-assisted analyses of nucleotide and predicted amino acid 
sequences were performed utilizing the sequence analysis software 
package of the University of Wisconsin Genetics Computer Group (GCG; 
Madison, Wl). 
Expression of Proteins in E. coli— E. coll JM101 harboring 
expression vectors was grown overnight at 37 °C in 10 ml LB media 
containing the appropriate antibiotic. The overnight culture was added 
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to 1 liter of fresh LB media supplemented with antibiotic. After four 
hours of growth, expression of the fusion protein was induced by the 
addition of IPTG to a final concentration of 1 mM. Four hours after 
induction with IPTG, cells were collected by centrifugation at 2,000 g 
for 10 min and washed twice with 50 mM Tris-HCI (pH 7.0). The 
resulting E. coli pellet was resuspended in 5 ml of 50 mM Tris-HCI (pH 
7.0), 1 mM EDTA, 2% (w/v) SDS and then incubated at 100 oC in a bath of 
boiling water for 15 min. The mixture was diluted ten-fold with 50 mM 
Tris-HCI (pH 7.0), 1 mM EDTA before passing through a 2.5 ml avidin-
agarose affinity column (Pierce, IL). The column was washed with 250 
ml of 50 mM Tris-HCI (pH 7.0), ImM EDTA, 0.2% (w/v) SDS. Biotin-
containing polypeptides were eluted from the column with 3 ml of 100 
mM Tris-HCI (pH 7.0), 1 mM EDTA, 2% (w/v) SDS buffer, and the column 
was sealed at bottom and heated to 100 oc in a bath of boiling water 
for 20 min. The eluate was collected from the column by 
centrifugation at 4,000 g for 10 min. 
Production of Polyclonal Antibodies— Avidin affinity purified, 
expressed fusion proteins were fractionated by SDS-PAGE. After the 
gels were stained with Coomassie Brilliant Blue, protein bands were 
excised from the gel. Gel slices which contained about 200 |ig of 
protein were mixed with Freund's Complete Adjuvant and macerated by 
passing through a syringe. The emulsified antigens were injected at 
24-36 sites distributed over the back of New Zealand White female 
rabbits. Four weeks latter, the animals were challenged at two week 
intervals by intramuscular injection into each of the two hind limbs of 
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the animals with freshly prepared antigen emulsified in Freund's 
Incomplete Adjuvant, Blood was collected from such rabbits and 
allowed to coagulate. After centrifugation at 4,000fif for 10 min, serum 
was  co l l ec ted ,  ad jus ted  to  0 .02% (w /v )  NaNa and  s to red  a t  -20  oC .  
SDS-PAGE and Western Blot Analysis— SDS-PAGE was carried out 
as described by Laemmli et al. (1970). Proteins were transferred from 
the gel to nitrocellulose filters with a semi-dry trans blot apparatus 
according to the manufacturer's instructions (PolyBIot, American 
Bionetics, Inc.). Immunological detection of proteins was conducted 
with antiserum diluted between 1:200 to 1:1000 in a 3% (w/v) BSA 
solution, following which, antigen-antibody complexes were detected 
with l25|_protein A. Biotin-containing polypeptides were detected 
with I25|_streptavidin (Nikolau et al., 1985). 
Purification of Biotin-Containing Polypeptides from Plants — 
Expanding tomato leaves were harvested and frozen with liquid 
nitrogen, and while still frozen the tissue was ground to a powder with 
a mortar and pestle. Two volumes of SDS-containing extracting buffer 
[100 mM Tris-HCI (pH 7.0), 10 mM DTT, 5 mM EDTA, 2% (w/v) SDS] was 
added to the powder. After additional homogenization with the pestle, 
the mixture was transferred to a glass tube and heated at 100 oC in a 
bath of boiling water for 15 min. The biotin-containing polypeptides 
were isolated with avidin-agarose affinity chromatography by the 
procedure described in the isolation of the expressed proteins from E. 
coll extracts. 
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Enzyme Extraction— Expanding tomato leaves were harvested, 
frozen with liquid nitrogen, and ground to a powder in a mortar and 
pestle. Two volumes of extraction buffer [100 mM HEPES-KOH (pH 7.0), 
1 mM EDTA, 20 mM 2-mercaptoethanol, 100 pg/ml PMSF, 20% (v/v) 
glycerol, 0.1% (v/v) Triton X-100] was added to the powder, and the 
mixture was homogenized further with the pestle. The mixture was 
filtered through four layers of cheesecloth and the filtrate was 
centrifuged at 10,000p for 10 min. Low molecular weight molecules 
were removed from the supernatant by passing 1 ml of such an extract 
through a 5 ml Bio-Gel P-6DG gel filtration column. 
Protein concentration was determined by the Bradford method 
(Bradford, 1976). 
Enzyme Assays— Biotin dependent carboxylase activities were 
measured as the rate of incorporation of radioactivity from NaHi^cOs 
into the acid-stable products (Wurtele and Nikolau, 1990). 
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RESULTS 
The biotin prosthetic group is always attached to biotin enzymes via 
an amide bond between the carboxyl group of biotin and the e-amino 
group of a lysine residue (Moss and Lane, 1971). The structural 
features that define the lysine residue for biotinylation are still not 
clear, although they appear to have been highly conserved during 
evolution (Samols et al., 1988). The primary sequence flanking the 
lysine residue targeted for biotinylation is fairly well conserved in all 
biotin enzymes; that sequence is (Ala/Val)-Met-Lys-(Met/Ala). 
However, this sequence is not the only structural information that 
defines the biotinylation site, since mutations away from this 
sequence motif affects biotinylation of this lysine residue (Murtif and 
Samols, 1987). 
A consequence of the high degree of conservation in the site of 
biotinylation is that when a DNA sequence coding for a biotin enzyme is 
expressed in a heterologous host, the protein product can be 
biotinylated (Hoffman et al., 1987; Murtif and Samols, 1987; Cronan, 
1990; Collins, et al., 1987). Indeed such biotinylation events have been 
reported as artifacts of immunological screening of expression cDNA 
libraries utilizing the "biotin-avidin" system for detection (Hoffman et 
al., 1987; Collins, et al., 1987). One example of these was the result of 
an immunological search of a tomato leaf cDNA expression library for 
clones coding for chloroplast membrane proteins, which resulted in the 
isolation of a 384 bp cDNA clone what we call TBP (Hoffman et al., 
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1987). This clone contains an incomplete translational open-reading 
frame of 70 amino acids that shows sequence similarity to biotin 
enzymes, including the sequence Ala-Met-Lys-Met. The most striking 
sequence similarity is the similarity to the TCase of 
Propionibacterium. 
Due to the lack of structural and metabolic information about biotin 
enzymes of plants, we undertook the experiments described below to 
ascertain whether TBP is a clone of an mRNA that codes for a plant 
biotin enzyme, and to identify that enzyme. 
Cloning and Sequencing cDNAs Coding for of a Putative Biotin Enzyme 
from Tomato— The cDNA clone TBP was initially used to screen a 
Xgt10 cDNA library prepared from poly-A RNA isolated from tomato 
leaves. This resulted in the isolation of two cDNA clones of 
approximately 1.5 kb (named GKBT) and 1.0 kb (named BTN). The cDNA 
GKBT was initially characterized in terms of a restriction map and 
subsequently determination of its nucleotide sequence. The cDNA was 
delineated into four parts by three Rsa\ restriction sites (Figure 1). 
The three 5'-most portions were subcloned into the Sma\ site of pUC19 
to generate pBX1, pBX2 and pBXS. Double stranded DNA templates from 
these three plasmids were sequenced with the Ml3 universal primer 
and pUC reverse primer (Promega Corp. Madison, Wl). In addition, the 
cDNA GKBT was cloned in the two possible orientations into the EcoRl 
site of pBluescript SK to generate the plasmids pBBT(+) and pBBT(-). A 
series of nested deletions of these two plasmids were generated with 
exonuclease ill and SI nuclease. Single stranded templates from these 
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deleted plasmids were sequenced with the M13 universal primer. The 
complete strategy for determining the nucleotide sequence and the 
restriction map of GKBT are illustrated in Figure 1, The sequence of 
GKBT is presented in Figure 2. 
There are 36 adenosine nucleotides at one end of the GKBT sequence. 
The TBP sequence was located at the same end (nucleotides 1667 to 
2095 in Figure 2). Thus, this end of the sequence of GKBT was 
identified as the 3' end of the corresponding mRNA. The sequence of 
GKBT extended the TBP translational reading frame for an additional 52 
codons (nucleotides 1511 to 1667 in Figure 2). This translational 
frame contains the putative biotinylation site including the 
tetrapeptide Ala-Met-Lys-Met (amino acids 399 to 402 in Figure 2). 
Surprisingly, at least 8 stop codons per frame were found in all three 
translational reading frames upstream of this region in a range of 483 
nucleotides (nucleotide 1027 to 1510 in Figure 2). At the 5'-end of the 
clone there was a translational open reading frame of 307 bp coding for 
102 codons (nucleotides 719 to 1026 in Figure 2). 
The lack of a continuous translational open reading frame throughout 
the sequence was somewhat surprising. However, careful examination 
of the nucleotide sequence of GKBT revealed that the region of the 
clone that contained stop codons in all three translational reading 
frames (nucleotides 1027 to 1510 in Figure 2), was flanked by 
consensus exon/intron and intron/exon junctions (underlined in the 
sequences shown in Figure 2), (Padgett et al., 1985). The identification 
of these intron/exon consensus junction sequences suggested that the 
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portion of the GKBT sequence that contains stop codons in all three 
translational reading frames, is potentially an intron, and that the 
GKBT cDNA may be a clone of a pre-mRNA or incompletely spliced 
mRNA. Confirmation of this hypothesis was obtained from a number of 
different experiments. 
Northern blots of RNA isolated from tomato leaves were probed with 
the putative intron sequence (nucleotides 1039 to 1443 in Figure 2), 
the entire GKBT sequence, and the inserts from pBXI and pBX3 which 
are putative exons. The later three probes all detected a single 
hybridizing RNA band of about 2.4 kb in size, but the probe specific for 
the putative intron was unable to detect this RNA band (data not 
shown). Therefore, the sequence that was putatively identified as an 
intron does not occur on the same RNA molecule that was detected by 
the entire GKBT sequence. However, all four probes hybridized to both 
of the genomic clones isolated with the probe TBP (see later discussion 
on the isolation of the two genes). These data are consistent with the 
presence of an intron in the GKBT sequence. The final evidence that the 
cDNA in GKBT indeed contained an intron came from the complete 
sequencing of the 1,0 kb cDNA in pBTN. 
The strategy that was used to sequence the clone contained in pBTN 
is summarized in Figure 1. The sequence of BTN was identical to GKBT, 
except for (1) the additional 72 nucleotides at the 5'-end of the clone 
and (2) the absence of the putative intron sequence. Indeed the putative 
intron sequence was "spliced" out of GKBT exactly as predicted, so that 
in the sequence of BTN nucleotide 967 was juxtaposed to nucleotide 
4 2  
1534 of the GKBT sequence. The elimination of this intron sequence 
resulted in the identification of a large translational open reading 
frame that extends from the 5'-end of BTN for a total of 220 codons. 
The clone BTN is obviously a partial cDNA clone since it hybridizes 
to a 2.4 kb transcript on Northern blots (see later in Results). 
Therefore, an additional cDNA library, which was made from poly A RNA 
isolated from ripening tomato fruit, was screened with the insert from 
pBX1, which is the 5'-most end of the GKBT sequence (nucleotide 719 to 
1038 in Figure 2). From approximately 2.2 X 10^ recombinant plasmids 
that were subjected to hybridization, a single clone, containing a 1.7 kb 
cDNA, was isolated; this clone was named MCC-1. The strategy that 
was used to sequence MCC-1 and the restriction map of this cDNA are 
shown in Figure 1. The nucleotide sequence of the 3'-end of MCC-1 Is 
identical to the entire sequence of BTN. In addition, MCC-1 is 646 bp 
longer at its 5'-end. The nucleotide sequence of MCÇ-1 contains a 
translational open reading frame that extends from its 5'-end to a 
termination codon TGA (nucleotide 1877 in Figure 2). This open reading 
frame codes for a polypeptide of 436 amino acids. 
Figure 2 shows the nucleotide sequences of the cDNA TBP, MCC-1, 
BTN, GKBT and the deduced amino acid sequences from these cDNAs. As 
discussed above, the 3'-end of the cDNA was identified by the presence 
of the stretch of adenosine nucleotides. However, the conserved 
eukaryotic polyadenylation signal 5'-AATAAA-3' (Proudfoot and 
Brownlee, 1976) is not present in the 260 nucleotides of the 3'-
noncoding sequence upstream of the poIyA tail. Instead, the sequence 
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5'-ACTCAAAA-3', a proposed poiyadenylation signal sequence found in 
the soybean proteinase inhibitor cDNA (Hammond et al., 1984) was 
located 40 nucleotides upstream of the poly A tail. It has been 
reported that plant poiyadenylation signals may diverge significantly 
from the animal consensus sequence (Hunt et al., 1987). 
Comparison of the Predicted Amino Acid Sequence of MCC-1 with 
Other Biotin Enzymes— A computer search of the NBRF protein data 
base by using the GCG Package showed that the amino acid sequence 
predicted from the nucleotide sequence of MCC-1 showed a high degree 
of similarity to many biotin enzymes so far sequenced. These include 
PPCase (Browner et al., 1989; Kraus et al., 1986; Lamhonwah et al., 
1987; 1989), ACCase (Lopez-Casillas et al., 1988; Takai et al., 1987; 
1988; Al-Fell et al., 1992), PCase (Lim et al., 1988; Freytag and Collier, 
1984; Zhang et al., 1993), TCase (Murtif et al., 1985), E. coli biotin 
carboxyl carrier protein of ACCase (Rylatt et al., 1977) and the biotin-
containing subunits of oxaloacetate decarboxylases (Schwarz and 
Oesterheit, 1985; Schwarz et al., 1988; Laupermair et al., 1989; 
Woehike et al., 1992). The amino terminal sequence predicted from 
MCC-1 (MCC-1, 1-193) also shows homology to the E. coli biotin 
carboxylase (Li and Cronan, 1992a; 1992b; Kondo et al., 1991). Figure 3 
shows the sequence alignment of rat ACCase, human PCCase, yeast 
PCase, biotin carboxylase of E. coli, biotin carboxyl carrier protein of E. 
coli, Propionibacterium 1.3 S subunit of TCase with the amino acid 
sequence predicted from MCC-1 cDNA clone. 
4 4  
The homology between the MCC-1 sequence and biotin enzymes 
occurs in two regions, an N-terminal domain (1-191 of MCC-1) and a C-
terminal domain (352-436 of MCC-1). In the N-terminal region, the 
MCC-1 sequence shows approximately 40% amino acid identity with 
each of the sequences of the biotin enzymes shown in Figure 3. In 
particular, the similarity between the sequence of this domain with the 
biotin-carboxylase of E. coli suggests that this is the biotin 
carboxylase functional domain. In the C-terminal region, the MCC-1 
sequence shares about 25% amino acid identities with the other biotin 
enzymes. The conservation between this domain and the biotin-
carboxyl carrier protein of E coli and the 1.3 S subunit of TCase of 
Propionibacterium suggests that this is the biotin carboxyl carrier 
functional domain. These sequence similarities between MCC-1 and 
other known biotin-containing enzyhries confirm the initial 
identification of the MCC-1 cDNA as coding for a plant biotin-
containing enzyme. However, since the similarity between MCC-1 and 
other known biotin enzymes was not specifically higher for a particular 
biotin enzyme, we were unable to predict the enzymatic function of the 
protein coded by MCC-1. 
Expression of MCC-1 in E. coli— To generate antibodies to the 
protein coded by the MCC-1 cDNA, we expressed this sequence in E. coli. 
Two chimeric protein expression vectors were constructed. The cDNA 
BTN was fused in frame to the 3!-end of the glutathione S-transferase 
gene in the vector pGEX-2T (Figure 4A). The resulting plasmid, 
pGEXBTN was introduced into £ coli. SDS-PAGE analysis of extracts 
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from E coH strains harboring pGEXBTN identified the 57 kDa 
glutathione S-transferase fusion protein (Figure 48). Western analysis 
of such gels with •'25|.streptavidin revealed that the GEX-BTN fusion 
protein was biotinylated, as expected (Fig. 4C). 
The expression vector pLB was constructed to express the C-
terminal portion of MCC-1 as a p-galactosidase fusion protein (Ruther 
and Muller-Hill, 1983), (Fig. 5A). The chimeric protein expressed from 
this vector was identified by SDS-PAGE (Fig. SB) and Western analyses 
(Figs. 5C and 5D). Western analysis with antibodies to p-galactosidase 
identified the overexpressed fusion protein as a protein band of about 
10 kDa larger than p-galactosidase. which was present in extracts from 
cells harboring the parent vector pUR289 (Fig. 5C). Western analysis 
with I25|_streptavidin demonstrated that the p-galactosidase fusion 
protein was biotinylated (Fig. 5D). 
As expected from the originally isolated TBP cDNA, all expressed 
chimeric proteins were biotinylated in E. coli, therefore we were able 
to purify both expressed fusion proteins to homogeneity by affinity 
chromatography with immobilized avidin (Fig. 4D for the glutathione S-
transferase and Fig. 5E for the p-galactosidase fusion protein). Both 
purified chimeric proteins were further purified by preparative SDS-
PAGE, and used as antigens for the generation of antisera in rabbits. 
MCC-1 Codes for the Biotin-Containing Subunit of fi-Methylcrotonyl-
CoA Carboxylase — The antisera that were generated to the GEX-BTN 
and LB fusion proteins were utilized to confirm that the cDNA MCC-1 
codes for a biotin-containing protein in tomato, and subsequently to 
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identify tlie enzymatic function of that biotin protein. Young tomato 
leaves were harvested as the source for the purification of biotin-
containing polypeptides. Proteins were extracted with a buffer 
containing SDS and the extract was denatured by heating. Identical 
aliquots of this extract was subjected to affinity chromatography with 
avidin-agarose columns that were either pretreated with biotin to 
block biotin-binding sites, or not so pretreated. After extensive 
washing of the columns to remove nonbinding proteins, the matrices 
were inbubated at 100 oC, in the presence of 2 % SDS. Such harsh 
conditions were required to elute biotin-containing polypeptides from 
the column due to the high affinity between avidin and biotin 
(dissociation constant is lO-^s M-i; Green, 1975). The proteins eluted 
by this treatment and an aliquot of the initial extract were subjected 
to SDS-PAGE and Western analysis (Fig. 6). Incubation of the blot with 
the antiserum against the glutathione S-transferase fusion protein 
(anti-GEX-BTN) followed by 125|.protein A revealed a 78 kDa biotin-
containing polypeptide in the crude extract (Fig. 6, lane 1). This 
polypeptide was retained and purified by the nonbiotin-treated avidin 
affinity column (Fig. 6, lane 2), but was not bound by the avidin affinity 
column preincubated with biotin. The same result was obtained with 
the antiserum against (3-galactosidase fusion protein (anti-LB; data not 
shown). Therefore, independent of the glutathione S-transferase or p-
galactosidase epitopes that each of these antibodies recognize, 
respectively, these antibodies identify the identical 78 kDa 
polypeptide, which because of its tight binding to avidin, we conclude. 
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contains biotin. These results demonstrate that the MCC-1 cDNA codes 
for a 78 kDa biotin-containing polypeptide. 
Four biotin-dependent enzyme activities are known in the plant 
kingdom, these being ACCase, PCCase, MCCase and PCase (Nikolau and 
Wurtele, 1990). To determine which of these, if any, are associated 
with the 78 kDa biotin-containing polypeptide, the anti-GEX-BTN serum 
was used in the experiment illustrated in Fig. 7. Tomato leaf enzyme 
extracts were incubated, on ice, for 40 minutes with increasing amount 
of either the antiserum or the preimmune serum. The resulting 
mixtures were subsequently assayed for ACCase, PCCase, MCCase and 
PCase activities. As shown in Fig. 7, the four carboxylase activities 
were not affected by increasing amounts of preimmune serum, and 
ACCase, PPCase and PCase activities were similarly unaffected by the 
introduction of the antiserum. MCCase activity, however, was 
gradually inhibited by the addition of increasing amounts of antiserum. 
Incubation of crude extracts with the anti-LB serum also specifically 
inhibited MCCase activity (data not shown). These results indicated 
that the 78 kDa biotin-containing polypeptide is the biotin-containing 
subunit of MCCase. The size of this subunit of MCCase from tomato is 
in agreement with the biotin-containing subunits of MCCases purified 
from animals (Lau et al., 1979), bacteria (Fall and Hector, 1977; Apitz-
Castro et al., 1970) and plants (Chen et al., 1993; Aiban et al., 1993). 
Northern Analysis of MCCase mRNA — To determine the size of the 
mRNA coding for the 78 kDa subunit of MCCase, RNA isolated from the 
expanding leaves of tomato plants was fractionated by electrophoresis 
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in a formaldehyde-containing agarose gel and then transferred to a 
nitrocellulose filter. The blot was hybridized with the BTN cDNA (Fig. 
8). A single RNA band of about 2.4 kb was detected; no additional 
bands were detected even upon long exposures of the blot. The size of 
this transcript (2.4 kb) is appropriate to code for a 78 kDa polypeptide. 
MCCase Gene Organization in Tomato Genome — A tomato genomic 
library was screened using the TBP cDNA sequence. This resulted in the 
isolation of two clones, XGT1 and XGT12 (Fig. 9). These clones were 
characterized in terms of their restriction maps, and by Southern blot 
hybridization to position and orient the MCC-1 sequence. That these 
two clones had different restriction maps indicates that they represent 
from two different genes. In order to determine the number of MCCase 
genes in the tomato genome, total genomic DNA isolated from tomato 
leaves was digested to completion with the restriction endonucleases 
HindWl, EcoR\ and BglU. The Southern blots were probed with the GKBT 
cDNA. A very simple banding pattern was observed, with two or three 
genomic restriction fragments hybridizing to the GKBT cDNA (Fig. 10). 
This result and the isolation of two distinct genomic clones coding for 
the biotin subunit of MCCase suggest that the tomato genome contains 
at least two MCCase genes. 
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DISCUSSION 
We have isolated, for the first time, the genes and cDNAs coding for 
the biotin-containing subunit of MCCase. The cloning of MCCase 
represents the first biotin enzyme to be cloned from higher plants. The 
experimental strategy utilized to identify the biotin-containing subunit 
of MCCase was by using reagents generated from a cDNA clone which 
was initially identified as potentially coding for a biotin enzyme based 
on the fact that its protein product was biotinylated in E coli (Hoffman 
et al., 1987). Thus the enzymatic function of the protein coding by this 
cDNA was initially unknown. The identification of the 78 kDa biotin-
containing polypeptide as the biotin subunit of MCCase is only the 
second biotin enzyme to be identified in the plant kingdom. 
MCCase from bacteria and animal kingdoms have been extensively 
investigated (Lau et al., 1979; Fall and Hector, 1977; Apitz-Castro et 
al., 1970). They have been highly purified and well characterized from 
Achromobacter, Pseudomonas citronellis and bovine kidney. In each 
case, the enzyme is composed of two different subunits. The large 
subunit has a molecular weight of 73,000 to 96,000 and contains 
biotin. The small subunit has a molecular weight of 61,000 to 78,000, 
and is biotin-free. Recently, MCCases have also been isolated from 
plants. The biotin-containing subunit of MCCase from carrot (Chen et 
al., 1993), pea, potato (Alban et ai., 1993) and maize (Diez et al., 
submitted) are 78 kDa, 76 kDa, 74 kDa and 78 kDa respectively. Thus 
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the sizes of biotin-containing subunits of MCCases from plants are 
similar to the sizes of this subunits from bacteria and animals. 
The amino acid sequence of the biotin subunit of MCCase, deduced 
from the nucleotide sequence of the cDNA clones, was compared to the 
NBRF protein data base. Apart from the sequence homology between 
MCCase and other biotin enzymes, which was discussed in the Results 
section, we obtained notable sequence homology between MCCase and 
lipoamide transferases (All and Guest, 1990) and carbamoyl-phosphate 
synthetases. The lipoic acid carrier domain of lipoamide transferases 
have similiar sequences to the biotin carboxyl carrier domain of 
MCCase (33% identities over 62 residues). As pointed out previously 
(Lim et al., 1988), this sequence similarity maybe an indication of the 
homologous functions of the lipoic acid binding domains and the biotin 
carboxyl carrier domains, in that both cofactors act as intermediate 
carriers of substrates between physically separate active sites. 
The carbamoyl phosphate synthetase sequences are similar to the 
biotin carboxylase domain of MCCase. This sequence similarity maybe 
an indication that the reaction catalyzed by carbamoyl phosphate 
synthetase may have mechanistic similarity to the biotin carboxylase 
reaction. Indeed, it is proposed that both reactions occur via the 
formation of a carboxy-phosphate intermediate, which in the case of 
biotin enzymes reacts with the N-1' of biotin, and In the carbamoyl 
phosphate synthetase reacts with ammonia. 
We were initially surprised to find that one of the cDNAs coding for 
the biotin subunit of MCCase (GKBT) was interrupted by an intron. 
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However, closer inspection of the position of this intron supports the 
hypothesis that biotin enzymes evolved via gene fusion mechanisms 
(Lynen, 1979). The Intron (positioned at residue #322 in Fig 2) 
separates the biotin carboxylase and biotin carboxyl carrier domains 
from each other. It has been proposed that new proteins arise in 
evolution by the rearrangement and sharing of exons which code for 
discrete structural elements, such as binding and catalytic sites (Craik 
et al., 1983; Padgett et al., 1986), and that the function of introns in 
this model is for enabling the fusion of such exons. The finding that 
the biotin carboxylase and biotin carboxyl carrier domains of MCCase 
are separated by an intron, is consistent with the hypothesis that the 
biotin subunit of this enzyme evolved via the fusion of exons containing 
each of these domains. 
The initial isolation of the MCCase cDNA clone was the result of the 
biotinylation of its protein product in E. coli (Hoffman et al., 1987). 
The identification that this sequence codes for a biotin enzyme in 
planta establishes the universality of the structural features that are 
recognized for biotinylation of biotin enzymes. Thus, at least E. coli, is 
able to biotinylate examples of biotin enzymes from all phylogenetic 
kingdoms (Cronan, 1990). As with other biotin-containing enzymes, 
with the exceptions of ACCases, the site of biotinylation of the tomato 
MCCase is near the carboxy-terminus, where the tetrapeptide Ala-Met-
Lys-Met is found. The conservation of this tetrapeptide has been 
postulated to be for recognition of the lysine residue that is 
biotinylated by the holocarboxylase synthetase (Samols et al., 1988). 
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However, the sequencing of the yeast (Al-Feei et al., 1992) and 
vertebrate (Takai et al., 1988; Lopez-Casillas et al., 1988) ACCases, 
and yeast urea amidolyase (Genbauffe and Cooper, 1991) established 
that these biotin-containing enzymes do not have this tetrapeptide; 
they contain Val-Met-Lys-Met and Ala-Met-Lys-Ala, respectively. In 
addition, substitution of leucine for either methionine in the 
tetrapeptide of the 1.3 S subunit of TCase from P. shermanii does not 
affect the biotinylation of the lysine residue in the tetrapeptide 
(Samols et al., 1988). Thus both methionines appear not to be required 
in the recognition for biotinylation, rather they may have a role in 
catalysis. 
Apart from this tetrapeptide that is highly conserved among biotin 
enzymes, the amino acid sequence surrounding the biocytin is variable 
among different biotin-containing enzymes; about 25% amino acid 
identity over a span of about 80 amino acids (Figure 3). Indeed, MCCase 
from tomato shares 25% identity over on 87 amino acid overlap (MCC-1, 
350-436. Figure 3) with the E. coli BCCP. Despite this low homology, 
when the cDNAs coding for plant MCCase were expressed in E. coli, the 
protein products were good substrates for the E. coli holocarboxylase 
synthetase (Hoffman et al., 1987; Figure 4 and Figure 5 in this paper). 
In addition, a peptide fragment containing the C-terminal 69 amino acid 
residues of tomato MCCase (BX3, see Fig. 5) was successfully 
biotinylated in E. coli. Thus these terminal residues contain all 
required information for the biotinylation of the lysine residue, in 
close agreement with prior findings (Cronan, 1990). 
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Thus the structural features that identify the lysine residue as a 
substrate for biotinylation by holocarboxylase synthetase are still 
unclear. Mutagenesis studies have shown that a hydrophobic residue 33 
amino acids downstream of the lysine residue in the 1.3 S subunit of 
TCase from P. shermanii is important for either the recognition of the 
lysine residue for biotinylation or for the catalytic mechanism of 
biotinylation (Murtif and Samol, 1987), since substitution of this 
hydrophobic residue with glycine abolished biotinylation. That an 
amino acid residue, situated at a considerable distance from the site of 
biotinylation in the primary structure of the protein, affects 
biotinylation, suggests that recognition and/or biotinylation of the 
lysine residue maybe partially dependent on the secondary structure 
around the site of biotinylation. 
The secondary structure surrounding the biotinylation site of biotin-
containing enzymes may indeed be highly conserved (Figure 11). 
Secondary structure prediction indicates that the lysine residue that is 
biotinylated is present in the center of an a-helix in a number of biotin 
enzymes. Upstream of this a-helix there is little conserved secondary 
structure (not shown). However, downstream of the a-helix containing 
biocytin, there is considerable conservation in the predicted secondary 
structures among biotin-containing enzymes. The conserved secondary 
structure pattern begins four residues upstream of the biocytin, and 
has the features [(a-helix) — (turn) — (a-helix/p-sheet) — (turn) — 
(a-helix/p-sheet)] (Figure 11). In addition, there are a discrete number 
of hydrophobic amino acids in this segment of polypeptide which are 
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highly conserved (Figure 11). This conserved pattern of secondary 
structure along with the conserved hydrophobic residues may be the 
structural features which identify the lysine residue for biotinylation 
by the holocarboxylase synthetase. Indeed, the alteration of the 
leucine, 33 residues down stream of the lysine residue that is 
biotinylated in TCase, which affects biotinylation, is also predicted to 
alter the last a-helix to a turn, consistent with the hypothesis outlined 
above. Obviously, further site specific mutagenesis studies will be 
required to test and modify this hypothesis. 
5 5  
REFERENCES 
Alban, C., Baldet, P., Axiotis, S,, and Douce, R. (1993) Plant Physiol. 
102, 957-965 
Al-Feel, W., Subrahmanyam, S. C., and Wakil, S. J. (1992) Proc. Natl. 
Acad. Soi. U. S. A, 89, 4534-4538 
Ali, S. T., and Guest, J. R. (1990) Biochem. J. 271, 139-145 
Apitz-Castro, R., Rehn, K., and Lynen, F. (1970) Eur. J. Biochem. 16, 71 
Baldet, P., Alban, C., Axiotis, S., and Douce, R. (1992) Plant Physiol. 99, 
450-455 
Baldet, P., Alban, C., Axiotis, S., and Douce, R. (1993) Arch. Biochem. 
Biophys. 303, 67-73 
Bradford, M. M. (1976) Anal. Biochem. 72, 248-254 
Browner, M. F., Taroni, F., SztuI, E,, and Rosenberg, L. E. (1989) J. Bid. 
Chem. 264, 12680-12685 
Chen, Y., Wurtele, E. S., Wang, X., and Nikolau, B. J, (1993) Arch. Biochem. 
Biophys. 305, 103-109 
Collins, M. E., Moss, M. T., Wall, S., and Dale, J. W. (1987) FEMS Microbiol. 
Lett. 43, 53-56 
Cronan, J. E. (1990) J. Biol. Chem. 265, 10327-10333 
Craik, C. S., Rutter, W. J., and Fletterick, R. (1983) Science 220, 1125-
1129 
Dakshinamurti, K. and Bhagavan, H. H.(1985) Ann. N. Y. Acad. Soi. 447, 1-
441. 
5 6  
Dellaporta, S., Wood, J., and Hicks, J. B. (1983) Plant Mol. Biol. Rep. 1, 
19-21 
Fall, R. R., and Hector, M. L (1977) Biochem. 16, 4000-4005 
Felnberg, A. P., and Vogelstein, B, (1984) Anal. Biochem. 137, 266-267 
Freytag, S. O., and Collier, K. J. (1984) J. Biol. Chem. 259, 12831-12837 
Genbauffe, F. S., and Cooper, T. G. (1991) DNA Sequence 2, 19-32 
Green, N M. (1975) Adv. Protein Res. 29, 85-133 
Hammond R. W., Foard D. E., and Larkins, B. A. (1984) J. Biol. Chem. 259, 
9883-9890 
Henikoff, S. (1984) Gene 28, 357 
Hoffman, N. E., Pichersky, E., and Cashmore, A. R. (1987) Nucleic Acids 
Res. 15, 3928-3929 
Hunt, A. G., Chu, N. M., Odoll, J. T., Nagy, F., and Chua, N-H. (1987) Plant 
Mol. Biol. 8, 23-35 
Kannangara, C. G., and Jensen, C. G. (1975) Eur. J. Biochem. 54, 25-30 
King, G. T., Turner, V. A., Hussey, C. E. Jr., Wurtele, E. S., and Lee, S. M. 
(1988) Plant Mol. Biol. 10, 401 
Knowles, J. R. (1989) Annu. Rev. Biochem. 58, 195-221. 
Kondo, H., Shiratsuchi, K., Yoshimoto, T., Masuda, T., Kitazono, A., Tsuru, 
D., Anai, M., Sekiguchi, M., and Tanabe, T. (1991) Proc. Natl. Acad. Soi. 
U. S. A. 88, 9730-9733 
Kraus, J. P., Firgaira, F., Novotny, J., Kalousek, F., Williams, K. R., 
Williamson, C., Ohura, T., and Rosenberg, L. E. (1986) Proc. Natl. Acad. 
Soi. U. S. A. 83, 8049-8053 
5 7  
Laemmli, U. K. (1970) Nature (London) 227, 680-685 
Lamhonwah, A-M., Quan, F., and Gravel, R. A. (1987) Arch. Biochem. 
Biophys. 254, 631-636, 
Lamhonwah, A-M., Mahuran, D. J., and Gravel, R. A. (1986) Nucleic Acids 
Res. 17, 4396 
Lau, E. P., Cochran, B. C., Munson, L, and Fall, R. R. (1979) Proc. Acad. 
Soi. U. S. A. 76, 214 
Laupermair, E., Schwarz, E., Oesterhelt, D,, Reinke, H., Beyreuther, K., 
and Dimroth, P. (1989) J. Biol. Cham. 264, 14710-14715 
Lehrach, H., Diamond, D., Wozney, J. M., and Boedtker, H. (1977) 
Biochemistry, 16, 4743 
Li, S.-J., and Cronan, J. E. (1992a) J. Biol. Chem. 267, 855-863 
Li, S.-J., and Cronan. J. E. (1992b) J. Biol. Chem. 267, 16841-16847 
Lim, F., Morris, C. P., Occhiodoro, F., and Wallace, J. C.(1988) J. Biol. 
Chem. 263, 11493-11497 
Logemann, J., Schell, J., and Willmitzer, L. (1987) Anal. Biochem. "163, 
16-20  
Lopez-Cassilas, F., Bai, D.-H., Luo, X., Kong, l.-S., Hermodson, A., and 
Kim, K.-H. (1988) Proc. Natl. Acad. Sci. U. S. A. 85, 5785-5788 
Lynen, F. (1979) Crit. Rev. Biochem. 7, 103-119 
Miidvan, A. S., Fry, D. C., and Serpersu, E. H. (1991) In A Study of 
Enzymes (Kuby, S. A., ed.) Vol. 2, pp 105-115, CRC Press, Boca Raton. 
Moss, J. and Lane, M. D. (1971) Adv. Enzymol. 35, 321-442. 
5 8  
Murtif, V. L, Bahler, C. R., and Samols, D. (1985) Proc. Natl. Acad. Sci. U. 
S. A. 82, 5617-5621. 
Murtif, V. L, and Samols, D. (1987) J. Biol. Chem. 262, 11813-11816. 
Nikolau, B. J., Wurtele, E. S., and Stumpf, P. K. (1984a) Plant PhysioLlB, 
895-901 
Nikolau, B. J., Wurtele, E. S., and Stumpf, P. K. (1984b) Arch. Biochem. 
Biophys. 235, 555-561 
Nikolau, B. J., Wurtele, E. S., and Stumpf, P. K. (1985) Anal. Biochem. 
149, 448-453 
Nikolau, B. J., Croxdale, J., and Wurtele, E. S. (1987) In The Metabolism, 
Structure and Function of Plant Lipids (Stumpf, P. K., and Nés, W. D. 
ed) Plenum Press, pp. 517-519 
Nikolau, B. J., Wurtele, E. S., Caffrey, J., Chen, Y., Crane, V., Diez, T., 
Huang, J., McDowell, M., Shang, X., Song, J., Wang, X., and Weaver, L M. 
(1993) In Proceedings of US-Japen Bi-National Seminar on the 
Biochemical and Molecular-Biological Aspects of Membrane and 
Storage Lipids of Plants, December 1992 (Sommerville, C. R. and 
Murata, M. ed) American Society of Plant Physiologists Press, In 
press 
Padgett, R. A., Grabowski, P. J., Konarska, M. M., Seller, S., and Sharp, P. 
A. (1986) Ann. Rev. Biochem. 55, 1119 
Proudfoot, N. J., and Brownlee, G. G. (1976) Nature 262, 211-214 
Ruther, U., and Muller-Hill, B. (1983) EMBO J.2, 1791-1794 
Rylatt, D. B., Keech, D. B., and Wallace, J. C. (1977) Arch. Biochem. 
Biophys. 183, 113-122 
5 9  
Sambrook, J., Fritsh, E. P., and Maniatis, T. (1989) Molecular Cloning: A 
Laboratory Manual, Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY 
Samols, D., Thornton, C. G., Murtif, V. L, Kumar, G. K., Carl Haase, F., and 
Wood, H. G. (1988) J. Biol. Chem. 263, 6461-6464 
Sanger, R, Nicklen, S., and Coulson, A. R. (1977) Proc. Natl. Acad. Sci. U. 
S. A. 74, 5463 
Schwarz, E., and Oesterhelt, D. (1985) EMBO J. 4, 1599-1603 
Schwarz, E., Oesterhelt, D., Reinke, H., Beyreuther, K., and Dim roth, P. 
(1988) J. Biol. Chem. 263, 9640-9645 
Southern, E. M. (1975) J. Mol. Biol. 98, 503-517 
Takai, T., Wada, K., and Tanake, T (1987) FEBS Lett. 2^2, 98-102 
Takai, T., Yokoyama, C., Wada, K., and Tanabe, T (1988) J. BioL Chem. 
263, 2651-2657 
Viera, J., and Messing, J. (1987) In Methods In Enzymoiogy (Wu, R., and 
Grossman, L ed) Vol. 153, pp 3-11, Academic Press, San Diego. 
Vogelstein, B., and Gillespie, D. (1979) Proc. Natl. Acad. ScL U. S. A 76, 
615-619 
Woehike, G., Wifling, K., and Dimroth, P. (1992) J. Biol. Chem. 267, 
22798-22803 
Wood, H. G., and Barden, R. E. (1977) Ann. Rev. Biochem. 46, 385-413 
Wood, H. G. and Kumar, G. K. (1985) Ann. N. Y. Acad. ScL 447, 1-22, 
Wurtele, E. S. and Nikolau, B. J. (1990) Arch. Biochem. Biophys. 278, 
179-186 
6 0  
Wurtele, E. S. and Nikolau, B. J. (1992) Plant Physiol. 99, 1699-1703 
Zhang, J., Xla, W-L, Brew, K., and Ahmad, F. (1993) Proc Natl. Acad. Sci. 
U. S. A. 90, 1766-1770 
FIG. 1. Restriction endonuclease maps and the strategy for 
the determination of the nucleotide sequences of cDNAs MCC 
1, BTN and GKBT. Each DNA fragment was sequenced to the extent 
indicated by each of the arrows, in the direction shown. Arrows 
beginning at open circles or closed circles indicate sequencing 
reactions carried with single stranded or double stranded DNA 
templates, respectively. Restriction enzymes marked by an asterisk 
are sites obtained from cloning vectors or linkers. Identical sequences 
in each cDNA are indicated with Identical shading patterns. 
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FIG. 2. Nucleotide sequence of cDNA clones MCC-1, BTN, 
GKBT and TBP, and the deduced amino acid sequence. The 
predicted amino acid sequence (single-letter code) is shown below the 
nucleotide sequence. Nucleotides are numbered in the 5'-3' direction 
beggining with the first nucleotide at the 5'-end of MCC-1. The BTN 
sequence begins at position 647, which is indicated. The GKBT 
sequence begins at position 717, which is indicated. The TBP sequence 
begins at position 1667, which is indicated. The intron sequence in 
GKBT is shown in lowercase. The cDNAs MCC-1 and BTN do not contain 
this intron sequence. In these sequences base #966 is juxtiposed to 
base #1535. The exon/intron consensus sequences are underlined and 
the splicing sites are marked with dots underneath the sequences. The 
Rsa\ sites that delineate the GKBT sequence into four fragments, three 
of which were subcloned as BX1, BX2 and BX3, are indicated. The stop 
codon is labeled "End". The putative polyadenylation signal ACTCAAAA 
is boxed. The tetrapeptide Ala-Met-Lys-Met is underlined with a 
dashed line. 
1 EcKOCMmcaOCTACOTAGGMntnTGAGTrrATOGTOmCAOWTCI^ 60 
IPRHYHSTLGTVEFIVDTOSG 20 
61 CMmaTmATGGAGATGMTSCraJTCTTCAGGnGACGATCCAGTTACAGAGATG 120 
2 1 0 F H F H E H H T R L Q V D D P V T E M  4 0  
121 ATTCTOnCAAGATCnWAGAGTCGCAAATACGTCTtGCAAATGGGOAGCCTCTTCCC 180 
4 1 I V G Q D L V E H Q I R V A H G E P L P  6 0  
181 TTCACraGTCAGAGGlXXaTTTraiGGTCATGCTnTGAAGCCCGAATTrATGCrGAA 240 
6 1 L T Q S E V P F S G H A F E A R I Ï A E  8 0  
241 AATGTTCCAAAAGGATOCTrcaGCAACTGGTGTTCTrCATCAmTtGTCCraTACA 300 
81NVPKGF1.PATGVLHHYCPVT 100 
301 GCTACATCAGCAGTTAGAGTTGAGACTGGACTGGAGGAAGGGGACACAGTAAGCATGCAT 360 
lOlATSAVRVETGVEEGDTVSKH 120 
361 TATGATCCCATCATTGCAAAGCTAGTAGTATGGGGACAGGACCQCCmCAGCACTGATA 420 
121YDPHIAKLVVHGQDRLSALI 140 
421 AAAATGAAGGAmrrTCrCAAAGTTrCAGGTTGCAGGTTTACCaCCAATATAGACnT 480 
141KHKDCLSKFQVAGLPTH1DF 160 
481 ATCAnAAGCTTGCCAGTCATAGGGCmTCAAAATGGTGAAGTAGAAACrcATrrrATr 540 
161IIKLASIIRAF0NGEVETHFI 180 
541 GAGCGGTACAAGGATGATCTGTTCATAGATGGTrCCAATCCAATATCAGaGAAAAAGCT 600 
lOlERYKDDLFIDGSNPISAEKA 200 
r-sm 
601 GAGACnœTGCCAAAœATCTAGCTGCATCCATTCTAGCTGCATGCATATrcGCCAAAAT 660 
201ESAAKPSSC1HCSCHHIGOH 220 j-»CI5T ind WI 
661 GAACrraAAGATTGAAGGATAAGGCTCCTGGAGGCCTTaTITCrGOTATGCTAATCCT 720 
221ELARLKDXAPGGLHLHYGNP 240 
721 (XATTCAGAATmTCATnTOT'AAGCGAACAGTGGATCTTGAATGGGAGAATCAATAC 780 
241PFRINHFAKRTVDLEHEH0y 260 
781 ACTAnAGTGGTKAAATCrmAAaCTCTCCATCACCTA'nTGCCAGATGGGAAATAC 840 
261SISGSHI,LTVSITYLPDGKY 280 
841 CTAmGAGACAGGAGAAAGCAATrCCCCrcGITTGGAGATCCAGGTGAaCAACTAAGC 900 
281LVETGESHSPGLEI0VT0LS 300 
901 AACAATGAmTAGAGTTGAAGTOaTGGTCATAGOTCAATGTCTGTTTGGaGCTTAC 960 
301SMDYRVEVDGHSLNVCLAAY 320 
961 TCCAAGotaacaccttatatttcaqqtccttatcttcaaqctqtcctqqucccctqqcat 1020 
321 S K ^ 322 
1021 acatattgactgacaagt'acacaactatgtttaggctgaggctggagttattaaaatgtc 1080 
1081 taacattgcacaacagtgtgatcaattatagcactaaattttgtatattaggtgttcttt 1140 
1141 aaggttgtgaattgtgcacttcacttcaaagaagatgcacttgtctgcttaccCtttgct 1200 
1201 tcaggccctatggactttttttctgtgcacattttgctattaagaacactatcttttaaa 1260 
1261 caccattttcaatctagtccggcctatgaaaaagaaataaaaagagagaaagattaacct 1320 
1321 tctagtgatcctcggtgtaaaatttttccagggagtggtagaaCggtgcaactlagtcca 1380 
1381 ctgaatacaatttggaactaaagatcaagggtttgcatatclttagcacatttagtcttt 1440 
1441 gttcalgagaalclgatgccccttgatcaagaatgcaglgattgccaaggaaaacccgat 1500 
1501 ccaaatttaqtttqccaaacttccatttttqcaqCATCAAATTGAGCATATTCACATCrG 1560 
323 D 0 1 E H I « 1 H 331 
1561 GCATCQCGACTCTCAACATCACmAAACAAAGGATGGGCCTAGAAATCTATCATCATGA 1620 
332 HGDSQHQFKQRHGLEIYDDE 351 
exi iîpjfu 
1621 AGAAACAATAGACAAGCCTGCTAGGGTtXKGACATOTATCCTTCTGCrACrcrGAlTGC 1680 
352 ETIDKPARVATSYPS I A 371 
1681 ACCCATCGCIGGGCTAGTGCrnAAAGTArrcGTGAAGaTGGGGAGAAAGCTCAGGAGGG 1740 
372 PHAGLVVKV1,VKDGEKV0EG 391 
1741 ACAACCTCTGITAGTAmGAAGCAATGSAGATGGAGCATCTAGTGAAAGCACCAGCTAA 1800 
392 Q P V L V L E A.Ï.Jf.A.E HVVKAPAN 411 
1801 TGGaATGTAAGCGGGCTTGAAATCAAAGTCGGCCAATCGGTCCAAGATGGTATAAAACr 1360 
412GYVSGLEIKVGOSVODGIKL 431 
1861 CTTOCTCTCAAGGACTCAAATATATCCTGAGGCTATGACAACATCAITCTAGACAACTG 1920 
432 F A L K D End 436 
1921 TATCTATGACCTiarrATGAGGACTCTACATCCACTAGGCATAAGAATAACAACATTCAG 1980 
1981 ATGTAAAATCTCmaGTTraTCTTCTACAmCAAATACATTrACTreTAAATCACT 2040 
2041 TTmdACTCAAAfhTCTCCAGAmGTGGTATATGATCAATGGTTCCTCATTAInl 2095 
FIG. 3. Comparison of the amino acid sequence deduced from 
the nucleotide sequence of MCC-1 with sequences of other 
biotin-containing enzymes. This comparison was generated by the 
BESTFIT program of the GOG software package. Residues identical to 
the predicted amino acid sequence of MCC-1 are boxed. Full stops 
indicate gaps inserted to optimize the alignment. The filled circle 
above the lysine residue at position 401 of the MCC-1 sequence 
represents the biotinylation site. Asterisk indicates the carboxy 
terminus of the protein. The biotin carboxylase domain and the biotin 
carboxyl carrier domain are labeled at the right side of the sequences. 
The filled triangle at position 322 of the MCC-1 sequence indicates the 
position of the intron In the GKBT cDNA. The abbreviations used are: 
MCC-1, the deduced amino acid sequence from the tomato cDNA clone 
MCC-1; Ch-Acc, chicken acetyl-CoA carboxylase (Takai et al., 1988); 
Hu-Pcc, a subunit of human propionyl-CoA carboxylase (Lamhonwah et 
al., 1989); Y-Pc, yeast pyruvate carboxylase (Lim et al., 1988); E-Bc, 
biotin carboxylase component of theE. co//ACCase (Kondo et al., 1991; 
Li and Cronan, 1992); E-Bccp; biotin carboxyl carrier protein of E. coli 
ACCase (Rylatt et ai., 1977); P-Tc, 1.3 S subunit of methylmalonyl-
CoA:pyruvate transcarboxylase from P. shermanii (Murtif et al., 1985). 
In each of these sequences residues are numbered as in the cited 
reference. 
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FIG. 4. Expression of the BTN cDNA in E. coli as a 
glutathione S-transferase fusion protein. The partial cDNA clone 
BTN was fused, in frame, to the 3'-end of the glutathione S-transferase 
gene in the plasmid pGEX-2T (Pharmacia). Panel A is a schematic of the 
resulting GEX-BTN chimeric gene. The nucleotide and predicted amino 
acid sequences at the junction between the glutathione S-transferase 
gene and the BTN cDNA are boxed. Pfac is the IPTG inducible E. coli 
hybrid tac promoter. The expression vector, pGEXBTN, was introduced 
into E. coli and expression was induced with IPTG. Aliquots of protein 
extracts were fractionated by SDS-PAGE in duplicate gels. One gel was 
stained with Comassie Brilliant Blue (panel B), and the other was 
subjected to Western blot analysis with I25|.streptavidin to identify 
biotin-containing polypeptides (panel C). 
Proteins were extracted from the host E. coil strain, JM105, 
harboring no plasmid (lane 1), harboring the parent plasmid pGEX-2T 
(lane 2) and harboring the recombinant plasmid pGEXBTN (lane 3). 
The expressed glutathione S-transferase-BTN chimeric protein 
(57kDa) was purified by affinity chromatography with immobilized 
avidin. The purified protein was analyzed by SDS-PAGE and stained 
with Coomassie Brilliant Blue (panel D). 
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glutathione S-transferase BTN 
CTG GTT CCG CGT GGA TCC C( 
Leu Val Pro Arg Gly Ser P: 
:C2 
ro 
CAA AAT GAA CTT GCA AGA 
Gin Asn Glu Leu Ala Arg 
B C D  
FIG. 5. Expression of the 3'-end of the MCC-1 cDNA in E. coli 
as p-galactosidase fusion protein. An Rsal-Xbal DNA fragment, 
from the 3'-end of the MCC-1 cDNA (nucleotide 1670 - 1914 in Figure 
2) was fused, inframe to the 3'-end of the p-galactosidase gene in the 
plasmid pUR289. Panel A is a schematic of the final construct of the 
p-galactosidase-BX3 chimeric gene, we called LB. The nucleotide and 
predicted amino acid sequences at the junction between the p-
galactosidase gene and BX3 is boxed. P/ac'is the E. co///ac promoter. 
The result ing expression vector pLB was introduced into E. col i  and 
expression was induced with IPTG. Aliquots of protein extracts were 
fractionated in triplicate by SDS-PAGE. The resulting gels were either 
stained with Comassie Brilliant Blue (panel B), or subjected to Western 
blot analyses. One blot was sequentially incubated with mouse anti-p-
galactosidase, antimouse IgG and i25|.protein A to identify p-
galactosidase and p-galactosidase fusion proteins (panel C). The other 
blot was incubated with I25|.streptavidin to identify biotin-containing 
polypeptides (panel D). 
Proteins were extracted from the host E. coli strain, JM105, 
harboring no plasmid (lane 1), harboring the parent plasmid pUR289 
(lane 2) and harboring the recombinant plasmid pLB (lane 3). 
The expressed p-galactosidase-BX3 chimeric protein was purified by 
affinity chromatography with immobilized avidin. The purified protein 
was analyzed by SDS-PAGE and stained with Coomassie Brilliant Blue 
(panel E). 
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P-galactosidase BX3 
TGT CAG GG3 ATC CCC |cyc Gin Gly lie Pro ACT GTG ATT GCA CCC ATG GCT Thr Val Ile Ala Pro Met Ala 
FIG. 6. Identification of the protein coded by the MCC-1 
cDNA. A denatured protein extract (lane 1) from tomato leaves was 
subjected to affinity chromatography with immobilized avidin (lane 2) 
or with immobilized avidin pretreated with 2 mM biotin (lane 3). After 
extensive washing of the columns, biotin-containing polypeptides were 
eluted with boiling 2% SDS and collected. These three fractions were 
subjected to SDS-PAGE and Western blot analysis. The blot was 
sequentially incubated with anti-GEX-BTN serum and i25|.protein A. 
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FIG. 7. The MCC-1 cDNA codes for the biotin-containing 
subunit of MCCase. Increasing amounts of preimmune serum or anti-
GEX-BTN serum was added to aliquots of an extract from tomato leaves. 
Following an incubation on ice for 40 min, residual activities of 
MCCase, ACCase, PCCase and PCase were determined. 
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FIG. 8. Identification of the mRNA coding for the biotin-
containing subunit of MCCase. RNA was isolated from expanding 
leaves of tomato plants and fractionated by electrophoresis in a 
formaldehyde-containing agarose gel. The resulting gel was stained 
with EtBr (panel A), and transfered to a nylon membrane. The mRNA 
coding for the biotin-contalning subunit of MCCase was detected by 
hybridization with 32p.|abeled BTN cDNA (panel B). The sizes of the 
RNA species used for calibration are labeled on the left side. 
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FIG. 9. Restriction maps of isolated tomato MCCase genes. 
Two recombinant bacteriopliage (TG1 and TG12) were isolated from a 
tomato genomic library by hybridization with the TBP cDNA. The thick 
horizontal lines represent cloned tomato genomic DNA. The thin 
horizontal line represents the MCC-1 cDNA. The orientation of the 
MCC-1 sequence is labeled. The positions of restriction sites within 
the genomic DNA are indicated. Cross-hybridization between 5'-end-
specific and 3'-end-specific probes from the MCC-1 cDNA and 
fragments from TG1 and TG12 are indicated by similarly shaded boxes. 
Restriction sites for BamH\ (B), EcoRl (R), HindlW (H), Pst\ (P), Sal\ 
(SI), Ssti (Ss) andXbal (X) are indicated. TG1 has no Xba\ and Sma\ 
restriction sites and TG12 has no BamH\ restriction site. 
TGI 
SI SI SI SI H BPRSs 
MCC-1 
5" 
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MCC-1 
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FIG. 10. Identification of genes coding for the biotin 
subunit of MCCase by Southern blot analysis of tomato 
genomic DNA. Tomato genomic DNA (10 p.g) was digested with the 
restriction endonuclease HindlW, EcoR\ or BglW, and fractionated by 
electrophoresis in an agarose gel. Following transfer of the DNA to a 
nylon membrane, the gene sequences coding for the biotin-containing 
subunit of MCCase were detected by hybridization with 32p.labeled 
GKBTcDNA. 
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FIG. 11. Comparison of the predicted secondary structures 
surrounding the biotinylation sites of biotin enzymes. Protein 
secondary structures were predicted by the PEPTIDESTRUCTURE 
program of the GCG software package. The predicted secondary 
structures are indicated at the top of the sequences. The sequences 
predicted to be in a-helix structure are underlined with a solid line. 
The sequences predicted to be in (3-sheet structure are underlined with 
a dashed line. The sequences predicted to be in a turn are underlined 
with a dotted line. The conserved hydrophobic amino acid residues are 
marl<ed with dots at the bottom of the sequences. "MK", labeled at the 
bottom, is the conserved dipeptide found in all biotin enzymes, where 
the lysine residue is the biotinylation site. The abbreviations used are 
as the same as in Figure 3. 
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st^cture g-helix turn a-helix/ P-sheet turn a-helix/ 3-sheet 
I I I I I I I I I I 
MCC-1 LEAMKMEHWKA PANG YVSGLEIKVGOSV .QDG IKLFALKD 
Ch-acc lEVMKMVMTLTA GESG ÇIHYVKRPGAVLD ' PG CVIAKLOL 
H-pcc lEAMKMONSMTA GKTG T^S^OQAGDTVG EG DLLVe'le" 
Y-pc LSAMKMEMIISS PSDG QVKEVFVSDGEN ]mSSD_ LLVLLED 
E-bccp VEAMKMMNQIEA DKSG Ty^m^E SG QPVEFDE 
P-tc LEAMKMETEINA PTDG KVËKT^VKERDAVQ GG QGLIKIG 
Consensus • #MK# # G • • G • 
sequence 
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ABSTRACT 
p-Methylcrotonyl-CoA carboxylase is a biotin-containing enzyme 
that catalyzes the ATP-dependent carboxylation of p-methylcrotonyl-
CoA. The enzyme was purified 200-fold from tomato leaves. The 
native enzyme has a molecular weight in the range of 1,000,000 to 
1,400,000, as measured by gel filtration chromatography and two non-
denaturing polyacrylamide gel electrophoresis methods. The enzyme is 
composed of two types of subunits, a biotin containing subunit (Mr = 
78,000) and a biotin-free subunit (Mr = 60,000). The two subunits 
occur at equal molar ratio in the enzyme. Antisera prepared against the 
biotin subunit of this enzyme of tomato cross-reacts with this enzyme 
from soybean and maize, but not with the bovine enzyme. Two domain-
specific antisera were generated for the biotin subunit of MCCase. One 
of these antisera, anti-BX3 serum, recognized epitopes on the biotin 
carboxyl carrier domain. The other antiserum, anti-BXI serum, 
recognized epitopes that occur between the biotin carboxyl carrier 
domain and the biotin carboxylase domain, a region of the protein that 
shows low sequence similarity among all biotin enzymes. Whereas 
anti-BX3 serum could inhibit the activity of the enzyme, anti-BXI 
serum was unable to inhibit the enzyme. We interpret these data to 
suggest that the region of the polypeptide between the biotin carboxyl 
carrier domain and biotin carboxylase domain, which is minimally 
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conserved among biotin enzyme sequences, does not directly contribute 
the structure(s) necessary for catalysis. 
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INTRODUCTION 
p-Methylcrotonyl-CoA carboxylase (MCCase; 6.4.1.4) is a biotin-
containing enzyme that catalyzes the ATP-dependent carboxylation of 
p-methylcrotonyl-CoA (MC-CoA) to form p-methylglutaconyl-CoA (MG-
CoA): 
p-methylcrotonyl-CoA + HCO3" + ATP —» 
p-methylglutaconyl-CoA + ADR + P| 
The reaction catalyzed by MCCase is required for leucine degradation 
(review: Moss and Lane, 1971) and is possibly involved in the 
"mevalonate shunt" (Popjak, 1971), Deficiency of this enzyme in 
human results in the inherited disease, p-methylcrotonylglycinuria 
(Stokke et al., 1972; Weyler et al., 1977). MCCases from bacteria and 
animal kingdoms have been highly purified and well characterized from 
Achromobacter, Pseudomonas citronellis and bovine kidney (Schiele and 
Lynen, 1981; Fall, 1981; Lau and Fall, 1981). In each case, the enzyme 
is composed of two different subunits. The large subunit has a 
molecular weight between 73,000 and contains the biotin prosthetic 
group. The small subunit has a molecular weight between 61,000 and 
78,000 and is biotin free. The molecular weight of the holoenzymes is 
between 520,000 and 835,000. 
MCCase was only recently identified in the plant kingdom (Wurtele 
and Nikolau; 1990), and characterization are now being undertaken 
(Alban et al., 1993; Yang et al., 1993; Diez et al., Wang et al., Song et 
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al,, submitted for publication). Here we report the isolation of MCCase 
from tomato and the characterization of these enzymes in terms of 
their structure and catalytic functions. 
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MATERIALS AND METHODS 
Materials—p-Methylcrotonyl-CoA, d-biotin, E-64, PMSF, HEPES, 
Agarose-Cibacron Blue, streptavidin, bovine kidney and liver acetone 
powders were purchased from Sigma Chemical Co. Other chemicals 
were purchased from Fisher Scientific Inc. The radioisotopes were 
purchased from Amersham. Avidin-agarose were purchased from Piece. 
Q-Sepharose was purchased from Phamacia. Bio-Gel P-6DG was 
purchased from Bio-Rad Laboratories. Protein standards for molecular 
weight determinations by SDS-PAGE were obtained from BRL. Native 
protein standards for molecular weight estimation were purchased 
from Sigma. Nitrocellulose was purchased from MSI. Polyethylene 
glycol (PEG) 8000 was purchased from Unites State Biochemical. 
Tomato {Lycopersicum esculantus var. Rutgers) were grown in a 
greenhouse at 18-22 oC under supplemented illumination conditions 
with a 15h day length. Leaves were harvested 60-80 days after 
planting. Maize was grown in sand in the greenhouse at 25-30 oC but 
otherwise under the same conditions as for tomato plants. Leaves were 
harvested two weeks after planting. 
Assay of MCCase— MCCase activity was measured as described, 
which was based on the MC-CoA dependent incorporation of 
radioactivity from NaH'l^COs into the acid-stable product, MG-CoA 
(Wurtele and Nikolau, 1990). 
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Production of Antisera — The production of antisera against the 
biotin-containing subunit of MCCase from tomato has described 
elsewhere (Wang et al., submitted). In brief, cDNAs coding for the 
different portions of the biotin-containing subunit of MCCase from 
tomato were expressed in E. coli as chimeric proteins. The expressed 
proteins were purified and used as antigens for immunization of 
rabbits. 
Protein Analysis— SDS-polyacryiamide gel electrophoresis (SDS-
PAGE) was carried out as described (Laemmli et al., 1970). 
Proteins were transferred from the gel onto nitrocellulose 
membranes with a PolyBlot transfer apparatus (American Bionetics, 
INC.), at 450 mA for 30 min. Immunological detection of proteins was 
with an appropriate dilution of antisera and '>25i.protein A. Biotin-
containing polypeptides were detected with "•^si-streptavidin (Nikolau 
et al., 1985). 
Protein concentration was determined by the Bradford method 
(Bradford, 1976). BSA was used as a standard. 
The native molecular weight of MCCase from tomato leaves was 
estimated by electrophoresis and gel permeation chromatography. The 
MCCase used for molecular weight estimation was the MCCase 
containing fractions obtained from Q-Sepharose ion-exchange 
chromatography. 
The molecular weight of tomato MCCase was estimated by gel 
permeation chromatography as described (Laurent and Killander, 1963) 
with a Sephacryl S-400 gel filtration column (1.5 X 100 cm). 
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Two gel electrophoretic procedures were applied for molecular 
weight estimation. One is the exclusion limits by 2-16% linear 
gradient non-denaturing polyacrylamide gel electrophoresis described 
by Hedrick and Smith (1968). The other is a method developed by 
Lambin and Fine (1979) based on the mobility of the enzyme on 2-16% 
linear gradient non-denaturing polyacrylamide gel electrophoresis. 
After electrophoresis, protein standards were visualized by Coomassie 
Brilliant Blue staining and MCCase was detected by Western analysis 
probed with either the anti-MCCase serum and i^si-protein A or 125|_ 
streptavidin, or both. 
Preparation of Cell-Free Extracts— Plant material was frozen in 
liquid nitrogen, and while frozen pulverized with a mortar and pestle. 
The resulting powder was further homogenized after addition of two 
volumes of pre-chilled enzyme extraction buffer (100 mM HEPES-KOH, 
pH 7.0, 1 mM EDTA, 20 mM 2-mercaptoethanol, 100 |ig/ml PMSF, 1 mM 
E-64, 20% (v/v) glycerol, and 0.1% (v/v) Triton X-100). After the 
extract thawed, it was filtered through four layers of cheesecloth and 
the filtrate was centrifuged at 12,000fir for 10 min. Low molecular 
weight molecules were removed from the supernatant by passage 
through a Bio-Gel P-6DG gel filtration column. 
To prepare protein samples for SDS-PAGE, 0.5-1.0 g of tissue was 
cut into small pieces and extracted with 1-2 ml of the same enzyme 
extraction buffer as indicated above in a pre-chilled (at 4 oC) 5 ml 
glass tissue grinder. 
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Purification of MCCase— MCCase from tomato leaves was purified 
by a three-step procedure carried out at 4 oC. PEG 8000 powder was 
slowly added to crude cell-free extract, made from 1 kg of tomato 
leaves, to a final concentration of 16% (w/v). After all the PEG 8000 
was dissolved, the mixture was centrifuged at lO.OOOgr for 30 min. The 
pellet was resuspended in 400 ml buffer A (20 mM HERES, pH 7.0, 1 mM 
EDTA, 20 mM 2-mercaptoethanol, and 20% (v/v) glycerol). The resulting 
solution was clarified by centrifugation at lO.OOOfir for 10 min. The 
supernatant was passed through a Q-Sepharose column (2.0 X 20 cm) 
equilibrated with buffer A. This ion exchange column was washed with 
2 liters of buffer A, and the bound proteins were eluted with a 400 ml 
0-0.7 M KCI linear gradient buffer A. The fractions containing MCCase 
activity were pooled and passed through a 5 ml avidin-agarose column. 
The column was washed with 250 ml of buffer A. To elute MCCase, the 
column was equilibrated with 5 ml of 100 mM Tris-HCI, pH 7.0, 1 mM 
EDTA, 2% SDS and incubated in a bath of boiling water at 100 oc for 15 
min. The eluate was collected by centrifuging the column at 4,000fir for 
10 min and collecting the flow through buffer. 
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RESULTS 
Purification of MCCase—We have  recen t l y  i den t i f i ed  a  prev ious ly  
isolated cDNA clone of tomato (Hoffman et al., 1987) as coding for the 
biotin subunit of MCCase, a biotin-containing polypeptide of 78 kDa 
(Wang et al., submitted). Utilizing streptavidin to detect MCCase via 
its biotin prosthetic group or antibodies directed against portions of 
the biotin subunit, we undertook the studies described here in to 
investigate the structure and enzymatic function of the tomato MCCase. 
To carry out these studies, MCCase was partially purified from 
extracts of tomato leaves by a two-step procedure consisting of 
precipitation with PEG and anion exchange chromatography on Q-
Sepharose. This procedure purified MCCase 200-fold to a specific 
activity of 850 nmol/min-mg protein, with nearly complete recovery of 
MCCase activity. Most importantly this procedure purified MCCase free 
of other biotin enzyme activities: no ACCase, PCCase or PCase 
activities could be detected in the MCCase preparation. In addition, 
Western blot analysis of the MCCase preparation with I25|_streptavidin 
or anti-MCCase serum indicated that the biotin subunit of MCCase was 
the only biotin enzyme present in this preparation (Fig. 1). 
Subunit Composition — Silver staining of SDS-PAGE analysis of the 
partially purified MCCase preparation from tomato indicated a few 
polypeptides were present in the fractions obtained from the Q-
Sepharose column that contained MCCase. One to these, of 78 kDa, 
9 4  
corresponded to the polypeptide detected by Western analysis of the 
preparation with "issi-streptavidin. This polypeptide represents the 
biotin subunit of tomato MCCase. A second prominent polypeptide of 
about 60 kDa, coeluted from the Q-Sepharose column with MCCase 
activity and the 78 kDa biotin subunit of MCCase. Because of this 
behavior of the 60 kDa polypeptide we suspected that it was a second 
subunit of the tomato MCCase. 
To test this hypothesis we passed the MCCase preparation over an 
avidin-agarose matrix. The material that flowed through the column 
did not contain MCCase activity, thus, as expected all the MCCase 
enzyme present in the preparation was bound to the immobilized avidin. 
Following extensive washing of the matrix, to remove nonspecifically 
bound proteins, biotin-containing proteins were eluted with boiling 2 % 
SDS. The two fractions obtained from chromatography on avidin-
agarose, the avidin nonbinding and the avidin-binding fractions, along 
with an aliquot of the original MCCase preparation were analyzed by 
SDS-PAGE following by either silver staining (Fig. 2A) or Western 
analysis with issj-streptavidin (Fig. 2B). In a parallel control 
experiment, the identical procedure was undertaken, however, the 
avidin-agarose matrix was first preincubated with 2 mM biotin to block 
all biotin binding sites on the matrix. 
These experiments confirmed that the 78 kDa polypeptide present in 
the MCCase preparation was indeed a biotin-containing polypeptide, 
since it was retained by the immobilized avidin and could only be 
eluted with boiling SDS. In addition, this polypeptide was not retained 
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by the matrix that had been pretreated with biotin. The 60 kDa 
polypeptide which we suspected was a second subunit of MCCase 
behaved in a similar manner, even though it did not contain biotin. That 
is the polypeptide was retained by the immobilized avidin and was only 
eluted with boiling SDS, and pre-treatment of the avidin matrix with 
biotin eliminated the ability of the matrix to retain the 60 kDa 
polypeptide. We surmise that the 60 kDa polypeptide is bound to the 
immobilized avidin via an interaction with the 78 kDa biotin-containing 
polypeptide, and we therefore conclude that these two polypeptides are 
in a complex, the MCCase holoenzyme. 
Densitometric scans of the silver stained gels of the avidin-binding 
fraction indicated that the 78 kDa biotin-containing polypeptide and 
that 60 kDa nonbiotin-containing polypeptide are in an equal molar 
ratio. Therefore, the tomato MCCase holoenzyme is composed of equal 
number of biotin-containing and non-biotin-containing subunits. 
Molecular Weight of the Native MCCase— To estimate the molecular 
weight of the native MCCase enzyme from tomato, three different 
procedures were employed. In all three instances, the MCCase 
preparation obtained from the Q-Sepharose column. 
Initial attempts to determine the molecular weight of the native 
enzyme was via gel filtration chromatography on a matrix of Sephacryl 
S-400. Surprisingly, chromatography of MCCase in this column led to 
the loss of activity. In only two attempts less than 5 % of the activity 
were recovered by which we were able to determine a molecular weight 
of 1,400,000 (Fig. 3). Analysis of the fractions eluted from these 
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columns by SDS-PAGE and Western blotting with "^^si-streptavidin 
revealed that the biotin subunit of MCCase was eluting in fractions 
corresponding to molecular weights ranging from 1,400,000 to 80,000 
(Fig. 4). We suspected that the enzyme was dissociating during 
chromatography. Indeed, we have observed similar behavior by the 
purified maize MCCase when It was chromatographed over the same 
matrix. 
To obtain a more reliable determination of the molecular weight of 
the native MCCase we utilized two electrophoretic procedures. In one 
procedure the MCCase preparation was subjected to electrophoresis in 
an polyacrylamide gel composed of a linear gradient of acrylamide (2-
18 %). Electrophoresis was carried out until MCCase and the standard 
proteins of known molecular weight caused migrating due to their 
reaching the gel pore size corresponding to each proteins stokes radius. 
The standard proteins were detected by staining of the gel with 
Coomassie Brilliant Blue (Fig. 5A), and MCCase was detected with 125|_ 
streptavidin (Fig. 5B) or anti-MCCase serum (Fig. 5C) after Western 
transfer. Comparison of the migration distance of MCCase with the 
migration distances of the standard proteins is illustrated as a 
standard curve in Fig. 5D. This procedure yielded a molecular weight of 
1,120,000 for the native MCCase. 
The second electrophoretic procedure which was used measured the 
rate of migration of MCCase during electrophoresis in a polyacrylamide 
gel composed of a linear gradient of 2-16 % acrylamide. Comparison of 
the rate of migration of MCCase with the rate of migration of standard 
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proteins enabled us to determine the molecular weight of MCCase. The 
MCCase preparation and the mixture of standard proteins of known 
molecular weight were loaded into separate wells of a slab gel at 
intervals of about 2^/2 hours. After electrophoresis for 12 h, the 
portion of the gel containing the standard proteins was stained with 
Coomassie Brilliant Blue (Fig. 6B), and the portion of the gel containing 
MCCase was transferred electrophoretically to nitrocellulose and 
MCCase was detected with I25|_streptavidin (Fig. 6A). The plot of the 
square root of time of electrophoresis against distance migrated by 
MCCase and by each of the molecular weight standards is shown in Fig. 
6C. This plot generates a series of linear lines whose slopes are 
proportional to the molecular weight of the proteins. A logarithmic 
plot of the molecular weight of each protein versus the slope of the 
line generated in Fig. 6C is shown in Fig. 6D, which illustrates the 
relationship between molecular weight and rate of migration. The 
molecular weight of tomato MCCase was estimated from this curve as 
1,200,000. 
Immunochemical Studies of MCCase—We have  i so la ted  cDNAs 
coding for the biotin-containing sUbunit of tomato MCCase (Wang et al. 
submitted). The amino acid sequence of this subunit deduced from the 
nucleotide sequences of the cDNA clones was compared with the 
primary sequences of other biotin-containing enzymes. This 
comparison identified two domains within the MCCase sequence that 
are homologous to other biotin enzymes. These structurally 
homologous domains represent the biotin carboxylase and biotin 
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carboxyl carrier functional domains that are required for catalysis of 
the first-half reaction catalyzed by biotin-dependent carboxylases. 
The biotin carboxylase and biotin carboxyl carrier domains are 
separated by a stretch of 170 amino acid residues which shows low 
homology to other biotin enzymes. Indeed, comparison of the 
corresponding regions of the propionyl-CoA carboxylase with acetyl-
CoA carboxylase sequences indicates that the low homologies between 
these two additional enzymes are maintained in this region. The lack 
of conservation in the amino acid sequence between the biotin 
carboxylase and biotin carboxyl carrier domain may indicate that this 
region of the enzyme is not structurally important for catalysis. 
To test this hypothesis we expressed three regions of the MCCase 
sequence as chimeric proteins in E. coli. These three regions are names 
BX1, BX3 and BTN (240-322, 368-436, and 217-436 respectively shown 
in Fig. 7). BX1 is located in between of biotin carboxylase domain and 
biotin carboxyl carrier domain, where is the region of lack of amino 
acid sequence homology In biotin enzymes. BX3 is the putative biotin 
carboxyl carrier domain whose sequence is relatively conserved in 
biotin enzymes. BTN is the region contains both BX1 and BX3. Each 
chimeric protein was purified from E. coli extracts and utilized as 
antigen for the immunization of rabbits. . The resulting antisera were 
individually utilized to dissect the functional significance in catalysis 
of each region of the MCCase sequence. 
All three antisera reacted equally with the biotin subunit of MCCase 
as judged by utilizing them to detect the MCCase subunit. Each of these 
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antisera were then tested for their ability to inhibit MCCase activity. 
Anti-BTN and anti BX3 sera were capable of inhibiting MCCase activity. 
Both these antisera were generated to epitopes that include the biotin 
carboxyl carrier domain. In contrast, anti-BX1 serum could not inhibit 
MCCase activity. This later antiserum was generated to epitopes 
containing the nonconserved region between the biotin carboxylase and 
biotin carboxyl carrier domain. These immunological studies are 
consistent with the hypothesis that the region of the biotin subunit of 
MCCase, between the biotin carboxylase and biotin carboxyl carrier 
domains (residue 240-322 of T-mcc in Fig. 7), that is not highly 
conserved among biotin enzymes, does significantly or directly 
contribute to the structure and function of the active site(s) of MCCase. 
Immunological Comparison of MCCases — The antisera generated to 
the biotin subunit of the tomato MCCase was utilized to investigate the 
similarity in the epitopes of MCCase in different species. Cell-free 
extracts were prepared from maize seeds and leaves, soybean seeds and 
leaves, tobacco leaves, tomato leaves and bovine heart. In addition, 
proteins were extracted from acetone powders prepared from bovine 
kidneys and livers. Aliquots of these extracts were fractionated by 
SDS-PAGE and proteins were electrophoretically transferred to 
nitrocellulose filters. These filters were incubated with 125|. 
streptavidin to detect biotin-containing polypeptides (Fig. 8A) or they 
were incubated with antisera to the biotin subunit of MCCase (Fig. 8B). 
The results indicated that the antiserum of the biotin-containing 
subunit of tomato MCCase reacted with a 83 kDa biotin-containing 
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polypeptide, tlie biotin-containing subunit of MCCase, from maize seed. 
The antiserum also reacted with a 83 kDa biotin-containing polypeptide 
of soybean leaves. This 83 kDa biotin-containing polypeptide from 
soybean has been shown to be the large subunit of MCCase from soybean 
(Song et al., submitted). The antiserum of tomato MCCase reacted with 
two biotin-containing polypeptides of 78 kDa and 83 kDa from tobacco 
leaves. The identities of these two biotin-containing polypeptides 
were still not known. The immunological cross-reaction suggested 
they had similar structural features. Comparison of their sizes with 
tomato MCCase and soybean MCCase suggested both of them might be 
MCCase isozymes. The antiserum of tomato MCCase did not cross-react 
with bovine MCCase even after the autoradiograph was exposed for a 
longer time. 
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DISCUSSION 
The subunit composition of tfie tomato MCCase was investigated by 
affinity purifying the enzyme from a preparation in which MCCase was 
the sole detectable biotin-containing protein. This purification 
resulted in the isolation of two polypeptides, one of which contained 
biotin (78 kDa), and the second did not contain biotin (60 kDa). Since 
isolation of the 60 kDa, biotin-free polypeptide depended on the biotin 
prosthetic group of the enzyme, we concluded that these two proteins 
are in a nondissociable complex, the MCCase holoenzyme. In addition, 
these two polypeptides occurred in equal molar stochiometry. Thus the 
tomato MCCase appears to be hetaromeric, being composed of equal 
number of two different types of subunits. 
This molecular arrangement of the tomato MCCase is similar to 
MCCases from wide variety of species. MCCase from bovine kidney (Lau 
et al., 1980), Achromobacter (Apitz-Castro et al., 1970), Pseudomonas 
citronellas (Fall and Hector, 1977), carrots (Yang et al., 1993), pea 
(Alban et al., 1993), potato (Alban et al., 1993), maize (Diez et al., 
submitted) and soybean (Song et al., submitted) all are composed of two 
types of subunits: the larger, of between 73 kDa and 96 kDa contains 
biotin, and a smaller subunit of between 53 kDa and 78 kDa, is biotin-
free. 
These MCCases appear to present two types of quaternary structure. 
The enzyme from Achromobacter, P. citronellas, Pea and potato have an 
a4p4 structure, whereas the enzyme from bovine kidney, carrot, maize 
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and soybean appear to have an aePe structure. The determination of 
these quaternary structures are very dependent upon the determination 
of the molecular weight of the native MCCase. All these enzymes are 
very large complexes, ranging in size from 500 kDa to nearly 1,000 kDa, 
and these molecular weight determinations were because of a lack of 
an appropriately sized standard protein, the result of extrapolation of a 
standard curve. It is thus unclear whether the purported difference 
between 0494 and aePe structures is a real difference in these enzymes 
or a result of errors in determination of the molecular weights of the 
enzymes. 
In the case of the tomato MCCase, the native enzyme is obviously a 
large complex: determinations of the molecular weight of the native 
enzyme using three different techniques gave values ranging between 
1,120 kDa and 1,400 kDa. For each determination estimation of the 
molecular weight of the enzyme was via extrapolation of a standard 
curve. However, it is clear from our data that the tomato MCCase Is 
large than apoferritin dimmer (Mr = 886,000), which indicates that 
tomato MCCase has an anPn quaternary structure where n > 6. But to 
draw a definite conclusion of the quaternary structure of the tomato 
MCCase requires additional experiments. 
The reactions catalyzed by biotin enzymes can be divided into two 
half-reactions and each half-reaction is catalyzed at structurally 
distinct subsites. The structural organization of these subsites appear 
to have evolved via a gene-fusion mechanism. Thus, whereas for the E. 
coli acetyl-CoA carboxylase the biotin carboxylase and 
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carboxyltransferase subsites and the biotin carboxyl carrier domain are 
coded by separate genes and reside on separate proteins, in the 
eukaryotic acetyl-CoA carboxylase (rat, chicken, yeast) these two 
subsites and the biotin carboxyl carrier domain all occur on a single 
gene product. Propionyl-CoA carboxylase and MCCase appear to be 
intermediates in this evolutionary scheme, since the biotin carboxylase 
subsite and the biotin carboxyl carrier domain occur on one subunit of 
these enzymes and the carboxytransferase subsite is on the second 
subunit. With the recent cloning of genes and cDNAs coding for some of 
these proteins, these conserved domains can be recognized by sequence 
homologies. 
By using antisera which were generated to portions of the biotin 
subunit of MCCase we were able to distinguish a region of this subunit 
which appears to be nonessential to catalytic function. This region, 
between residue 240 to 322, divides the biotin carboxylase subsites 
from the biotin carboxyl carrier domain, and shows low sequence 
homology to other biotin enzymes. The low sequence identity between 
this domain and other biotin enzymes could be interpreted to mean that 
this region does not contribute to structures essential for catalytic 
function. This sequence may provide a structural frame to orient 
function domains to be in proper conformation as proposed by Al-Feel 
(Al-Feel et al., 1992), or was flexible in biotin enzymes. The later 
possibility is more consistent with the gene-fusion hypothesis (Lynen, 
1979) since when gene fuses together during evolution the sequence 
between function domains might come randomly. It is obvious that 
1 0 4  
random cassette mutagenesis experiments in this sequence segment 
may clarify our understanding. 
Finally, the antiserum directed against the biotin subunit of the 
tomato MCCase was utilized to probe the immunological similarity of 
MCCase in different plant species and in bovine tissues. These analyses 
indicate that the plant MCCases share common epitopes that are 
recognized by the antibodies in the serum used. However, these 
antibodies were unable to detect the bovine MCCase, at least by the 
Western procedure which was utilized. Thus during evolution the 
animal and plant MCCase appear to have acquired sufficient structural 
differences, so as to lose common epitopes. We had previously obtained 
evidence for functional differences between animal and plant MCCases, 
by the discovery that acetoacetyl-CoA is a potent competitive inhibitor 
of the plant MCCase, whereas it is an alternative substrate of the 
animal MCCase (Diez et al., submitted) 
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FIG. 1. Partial Purification of MCCase . Panel A, MCCase was 
extracted from leveas of tomato and precipitated witfi PEG as 
described in the Materials and Methods. The PEG precipitated fraction 
was subjected to anion exchange chromatography on a Q-Sepharose 
column. MCCase was eluted from the Q-Sepharose column with a linear 
gradient of increasing KCI concentration ( ), and MCCase activity 
was determined in the eluate ( -0-). Panel B, MCCase containing 
fractions obtained from the Q-Sepharose column were pooled. An 
aliquot of the leaf extract (Lane 1), and an aliquot of the partially 
purified MCCase preparation (Lane 2) were analyzed by SDS-PAGE and 
Western blot analysis. The blot was incubated with "^ssi-streptavidin 
to detect biotin-containing polypeptides. 
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FIG. 2. MCCase Subunit Composition. The partially purified 
MCCase preparation, obtained by anion-exchange chromatography, was 
subjected affinity chromatography with avidin-agarose (A-agarose) 
(Lane 1 to 3), or with avidin-agarose pretreated with 2 mM biotin (A-
agarose + biotin) (Lane 4 to 6), as described in the Materials and 
Methods. Allquots of the partially purified MCCase preparation (Lane 1, 
4), the avidin-nonbinding fraction (Lane 2, 5), and avidin binding 
fraction (Lane 3, 6) were subjected to SDS-PAGE. The resulting gel 
was silver stained (Panel A), or subjected to Western blot analysis. 
The blot was incubated with izSj.gtreptavidin to detect biotin-
containing polypeptides.(Panel B). 
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FIG. 3. Determination of the Molecular Weight of the Native 
MCCase by Gel Filtration Chromatography. An aliquot of the 
partially purified MCCase preparation subjected to gel filtration 
chromatography on a column of Sephacryl S-400 (1.5 cm x 100 cm). The 
eluate from the column was monitored for MCCase activity. Elution 
from the column was calibrated by chromatography of the molecular 
weight standard proteins: apoferritin (886 kDa dimmer, 443 kDa 
monomer), bovine thyroglobulin (669 kDa), and yeast alcohol 
dehydrogenase (150 kDa). 
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FIG. 4. Elution of the MCCase Biotin Subunit from a 
Sephacryl S-400 Column. Aliquots of every fifth fraction of the 
elution from the Sephacryl S-400 column shown In Fig. 3, were 
subjected to SDS-PAGE and subjected to Western blot analysis. The 
blot was incubated with •'25|-streptavidin to detect the biotin subunit 
of MCCase. The fractions corresponding to the elution volume of the 
molecular weight standard proteins are labeled. 
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FIG. 5. Determination of the Molecular Weight of the Native 
MCCase by Nondenaturing Polyacrylamide Gel Electrophoresis. 
An aliquot of the partially purified MCCase preparation and molecular 
weight standard proteins were subjected to electrophoresis in a gel 
composed of a linear gradient of 2-16% acrylamide. After 
electrophoresis at 200 volts for 45 h (Lane 1), or 48 h (Lane 2), the 
molecular weight standard proteins were visualized by staining with 
Coomassie Brilliant Blue (Panel A), and MCCase was detected by 
Western blot analyses of the resulting gels. The blots were 
sequentially incubated with the antiserum to the biotin subunit of 
MCCase and l25|_protein A (Panel B), or with i^Si-streptavidin (Panel 
C). The molecular weight of MCCase was determined by comparing the 
migration of the enzyme with the migration of the molecular weight 
standard proteins (Panel D). Molecular weight standard proteins were: 
apoferritin (886 kDa dimer, 443 kDa monomer), urease (545 kDa dimer, 
272 kDa monomer), and bovine albumin (132 kDa dimer, 66 kDa 
monomer). 
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FIG. 6. Determination of the Molecular Weight of the Native 
MCCase by the Rate of Migration in Polyacrylamide Gel 
Electrophoresis. An aliquot of the partially purified MCCase 
preparation and molecular weight standard proteins were subjected to 
electrophoresis in a gel composed of a linear gradient of 2-16% 
acrylamide for a period of 2.1 h (Lane 1); 4.8 h (Lane 2); 7.4 h (Lane 3); 
9.5 h (Lane 4); 11.7 h (Lane 5). MCCase was detected by Western blot 
analysis of the resulting gel, and incubation of the blot with 125|-
streptavidin (Panel A). The molecular weight standard proteins were 
visualized by staining with Coomassie Brilliant Blue (Panel B). The 
migration distance of the standard proteins and MCCase were plotted 
against the square root of the time of electrophoresis (Panel C). The 
logarithm of the slopes of the lines obtained in Panel C was plotted 
against the logarithm of the molecular weight of the standard ptoteins 
(Panel D). The molecular weight of MCCase was extrapolated from this 
plot. Molecular weight standard proteins were apoferritin (886 kDa 
dimer, 443 kDa monomer), bovine albumin (132 kDa dimer, 66 kDa 
monomer), and chicken albumin (45 kDa). 
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FIG. 7. Preparation of Domain-Specific Antisera. The amino 
acid sequence of the biotin subunit of tomato MCCase (MCC-1) (Wang et 
al., submitted), can be partitioned by sequence homology into two 
potential functional domains, the biotin carboxylase domain (residues 
1-191) and the biotin carboxyl carrier domain (residues 353-436). 
These two domains are separated by a region that shows low homology 
among all biotin enzymes. Three regions of the MCC-1 sequence were 
expressed in E. coli, as fusion proteins. The BTN region (residues 217-
436) was expressed as a glutathione S-transferase fusion; the BX1 
(residues 240-322) and BX3 (residues 368-436) regions were 
expressed as p-galactosidase fusion proteins. Antisera were generated 
to each of these expressed fusion proteins. 
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FIG. 8. Immunological Cross-Reactivity of the Biotin 
Subunlt of MCCase. Aliquots containing equal amount of protein 
extracted from seeds of maize (Lane 1) and soybean (Lane 2), leaves of 
maize (Lane 3), soybean (Lane 4), tobacco (Lane 5), and tomato (Lane 6), 
bovine heart (Lane 7), kidney (Lane 8) and liver (Lane 9) were subjected 
to SDS-PAGE and Western blot analyses. The resulting blot was 
incubated with "issi-streptavidin (Panel A), or sequentially incubated 
with the antiserum to the biotin subunit of tomato MCCase and 125|_ 
Protein A (Panel B). 
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PAPER III. REGULATION OF p-METHYLCROTONYL-CoA 
CARBOXYLASE ACTIVITY BY BIOTINYLATION 
OF THE APOENZYME 
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ABSTRACT 
The distribution of p-Methylcrotonyl-CoA carboxylase among organs 
of tomato was studied. The enzyme is found in all organs examined, but 
its specific activity in each organ appears to be inversely proportional 
to the photosynthetic competence of that organ. This finding is 
consistent with the hypothesis that the metabolic function of MCCase 
is for the catabolism of leucine, from which carbon can be respired to 
generate ATP and reducing equivalents, when these cannot be generated 
directly from photosynthesis. The 10-fold difference in specific 
activity of this enzyme in leaves and roots could not be attributed to 
diffential accumulation of the biotin subunit of MCCase or the mRNA 
coding for that subunit. Instead, this difference in MCCase activity 
between roots and leaves appears to be due to differential biotinylation 
of the enzyme. Thus the lower activity of MCCase in leaves is due to 
the lower degree of biotinylation of the biotin subunit of the enzyme. 
This discovery was further substantiated by the demonstration that a 
pool of apoenzyme exists in tomato leaves. The under-biotinylation of 
this enzyme in leaves is probably not due to the lack of biotin in that 
organ, but probably reflects the differential regulation of the 
biotinylation reaction by a mechanism that is yet to be investigated. 
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INTRODUCTION 
P-Methylcrotonyl-CoA carboxylase CMCCase; EC 6.4.1.4) is a biotin-
containing enzyme that catalyzes the ATP-dependent carboxylation of 
p-methylcrotonyl-CoA (MC-CoA) to form p-methylglutaconyl-CoA (MG-
CoA). MCCases from bacteria and animals have been extensively 
investigated (Schiele and Lynen, 1981; Fall, 1981; Lau and Fall, 1981), 
and its role in the catabolism of leucine has been well established in 
these systems (Moss and Lane, 1971). In addition, MCCase may have a 
metabolic function In the "mevalonate shunt" by which mevalonate can 
be metabolized to non-isoprenoid compound (Edmond and Popjak, 1974; 
Edmond et al., 1976). 
By comparison, knowledge of this enzyme from plants is limited. 
Indeed, MCCase activity was first reported in plant cell-free extract in 
1990 (Wurtele and Nikolau, 1990). More recently, the presence of 
MCCase in the plant kingdom was confirmed by purification of the 
enzyme (Yang et al., 1993; Alban et al., 1993; Claude et al., 1993; Diez 
et al., submitted) and isolation of the genes and cDNAs coding for its 
biotin subunit (Wang et al., submitted; Song et al., submitted). 
Elucidation of the metabolic function of MCCase in plants is still to 
be established. It undoubtedly plays a role in leucine catabolism, 
however, the potential functioning of an alternate pathway for leucine 
catabolism in peroxisomes, not requiring MCCase (Gerbling and 
Gerhardt, 1989), needs to be explored. In addition, the significance of 
leucine catabolism to the plant's physiological status is unknown. 
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As an initial investigation to address some of these questions we 
undertook an investigation of the regulation of the organ-specific 
expression of MCCase in tomato. These studies led to the discovery of 
a novel, post-translational mechanism by which the organ-specific 
difference in MCCase activity is established, namely differential 
biotinylation of the apoenzyme. 
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MATERIALS AND METHODS 
Materials—p-Methylcrotonyl-CoA, d-biotin, E-64, PMSF, HEPES, 
biotinyl BSA, NP-40, streptavidin, biotinyl alkaline phosphatase and p-
nitrophenyl phosphate were purchased from Sigma Chemical Co. Other 
chemicals were purchased from Fisher Scientific Inc. Radioisotopes 
were purchased from Amersham. Avidin-agarose was purchased from 
Pierce. Bio-Gel P-6DG was purchased from Bio-Rad Laboratories. 
Nitrocellulose was purchased from MSI. 
Tomato (Lycopersicum esculantus var. Rutgers) were grown in a 
greenhouse at 18-22 oC under supplemented illumination with a 15 hr 
day period. Leaves and roots were harvested 60-80 days after planting. 
Enzyme Extraction — Two types of extracts were prepared utilizing 
non-denaturing or denaturing conditions. In both Instances plant 
materials were frozen in liquid nitrogen and ground in a mortar with a 
pestle while the tissue was still frozen. For a non-denatured extract, 
the frozen powder was homogenized after addition of two volumes of 
pre-chilled (0 oC) 100 mM HEPES-KOH (pH 7.0), 1 mM EDTA, 20 mM 2-
mercaptoethanol, 100 ng/ml PMSF, 1 mM E-64, 20% (v/v) glycerol, 0.1% 
(v/v) Triton X-100. After the extract thawed (at 4 oC), it was filtered 
through four layers of cheesecloth and then the filtrate was 
centrifuged at 12,000 g for 10 min. Low molecular weight molecules 
were removed from the supernatant by passing 1 ml of such extract 
through a 5 ml Bio-Gel P-6DG gel filtration column. 
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For the preparation of a denatured extract two volumes of an SDS-
containing extraction buffer, which contained 100 mM Tris-HCI (pH 
7.0), 10 mM DTT, 5 mM EDTA and 2% (w/v) SDS were added to the 
powder. The mixture was homogenized further at 4 oc until it was 
thawed. The extract was transferred to a glass tube and heated in a 
bath of boiling water for 15 min. The mixture was then clarified by 
centrifugation at 10,000 p for 10 min. 
Purification of biotin-containing polypeptides — An SDS-denatured 
protein extract was diluted with 9 volumes of 50 mM Tris-HCI (pH 7.0), 
1 mM EDTA to reduce the SDS concentration to 0.2% (w/v). Biotin-
containing polypeptides were purified by avidin-agarose affinity batch 
chromatography. For every 5 grams of plant material from which the 
extract was prepared, 2.5 ml avidin-agarose was used. The mixture 
was incubated on a shaker at 4 oc for 40 min. Nonbinding proteins were 
removed by washing the matrix with 250 ml of wash solution [50 mM 
Tris-HCI (pH 7.0), 1 mM EDTA, 0.2% (w/v) SDS]. Finally biotin-
containing polypeptides were eluted from the avidin-agarose by 
suspending the matrix in 100 mM Tris-HCI (pH 7.0), 1 mM EDTA, 2% 
(w/v) SDS and incubating the mixture in a bath of boiling water for 15 
min. The matrix was removed by centrifugation at 4,000g for 10 min 
and the supernatant retained. 
Protein Analysis— SDS-PAGE was carried out as described 
(Laemmli et al., 1970). Proteins were visualized either by staining 
with Coomassie Brilliant Blue or by silver staining. 
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For Western analysis, proteins were transferred from the gel to 
nitrocellulose filters with a semi-dry trans blot apparatus according 
to the manufacturer's instructions (PolyBlot, American Bionetics, Inc.). 
Immunological detection of proteins was conducted with antiserum 
diluted between 1:200 to 1:1000 with a 3% (w/v) BSA solution, 
following which, antigen-antibody complexes were detected with 125|_ 
protein A. Biotin-containing polypeptides were detected with 125|-
streptavidin (Nikolau et al., 1985). 
Protein concentration was determined by the Bradford method 
(Bradford, 1976) using the Bio-Rad protein assay reagents. BSA was 
used as a standard. 
MCCase Assay— MCCase activity was measured as the rate of 
incorporation of radioactivity from the substrate NaH^^^COs into the 
acid-stable product (Wurtele and Nikolau, 1990). 
Antiserum — Antiserum against the biotin-containing subunit of 
MCCase of tomato was prepared as described before (Wang et al., 
submitted). In brief, the cDNA coding for the biotin-containing subunit 
of MCCase of tomato was expressed in E. coli. The affinity purified 
expressed protein was used as an antigen for the generation of 
antiserum in New Zealand White female rabbits. 
Isolation and Analysis of RNA— Total cellular RNA was isolated 
from tomato leaves and roots, as previously described by Logemann et 
al. (1987). RNA was fractionated by electrophoresis in a 1.2% (w/v) 
agarose gel containing formaldehyde as described (Lehrach et al.. 
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1977). The fractionated RNA was transferred to a nylon membrane 
(MSI) with 10 X SSC and hybridized to a 32p_iabeled cDNA fragment. 
Hybridization was carried out as recommended by manufacture (Micron 
Separations Inc. MA). The blots were washed with three 20 min washes 
in 0.1 X SSC, 0.5% SDS at 65 °C. 
Extraction of Biotin — Tomato leaves or roots were frozen in liquid 
nitrogen and powdered with a mortar and pestle. The powder was then 
further homogenized with two volumes of 10% (w/v) trichloroacetic 
acid (TCA). The mixture was kept on ice for 30 min and then clarified 
by centrifugation at 12,000 g for 25 min. Free biotin was recovered In 
the supernatant. Protein-bound biotin was recovered in the pellets and 
was released by resuspending the pellet in 2 M H2SO4 and was 
incubating the mixture in an oven at 120 oC for 2 hr. Both free-biotin 
and protein bound-biotin solutions were neutralized with 5 N NaOH and 
clarified by centrifugation for 10 min at 12,000 g. The supernatants 
were subsequently used for determination of the biotin content. 
To determine the concentration of total biotin in tissue, plant 
materials were frozen in liquid nitrogen and after homogenization 
further homogenized in two volumes of 2 M H2SO4. The resulting 
mixture was heated at 120 oC for 2 hr and then neutralized with 5 N 
NaOH. Biotin content was determined after the insoluble materials 
were removed by centrifugation. 
In the parallel control experiments, 40 ng of d-biotin was added as 
an internal standard to each 0.5 grams sample of plant material that 
was extracted prior to the H2SO4. treatment. 
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Biotin Assay — Biotin concentration was determined by a procedure 
based on competition for binding to streptavidin (Bayer et al., 1990). In 
brief, the wells of microtiter plates were coated with biotinylated BSA 
and subsequently quenched with BSA. Streptavidin was then added to 
each well at a concentration of 5 ng/ml and the plates were incubated 
at room temperature for 30 min. The excess streptavidin was removed 
by washing the wells with PBS (7.4). The bound streptavidin in the 
microtitre wells was incubated with either different standard 
concentrations of biotin or serial dilution of the unknown samples. 
Following a 30 min incubation at room temperature the wells were 
washed and 1 unit/ml biotinylated alkaline phosphatase was added to 
each well. After a 30 min incubation at room temperature, excess 
biotinylated alkaline phosphatase was removed by washing the wells. 
Bound alkaline phosphatase was Incubated with 1 mg/ml p-nitrophenyl 
phosphate at room temperature for one to three hours. A plot was 
obtained by plotting the absorbance (405 nm) of the mixture from each 
well versus biotin concentration applied to the well. 
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RESULTS AND DISCUSSION 
Distribution of MCCase Among Different Organs of Tomato — To 
begin to ascertain the metabolic significance of MCCase in plants, and 
to determine how MCCase maybe regulated, we determined the 
distribution of MCCase among different organs of tomato. Crude 
extracts were prepared from leaves, stems, roots, ripening fruits and 
ripe fruits of tomato, and MCCase activity was measured, MCCase 
activity was found in all the organs examined (Table 1). its specific 
activity is highest in roots, followed in descending order by ripe fruits, 
ripening fruits, stems, and leaves. The specific activity of MCCase is 
about ten times higher in roots than in leaves. 
Comparison of MCCase Gene Expression Between Leaves and Roots 
— Because of the extreme difference in MCCase activity between 
leaves and roots, we undertook a comparative study of these organs to 
ascertain the molecular mechanism by which this difference is 
established. In doing so we expected to unveil a potential mechanism 
by which MCCase activity is regulated. 
Initial experiments were aimed at eliminating a trivial explanation 
for the difference in MCCase activity between leaves and roots, namely 
the presence of an inhibitor of MCCase in leaves, which upon extraction 
of the tissue, bound to the enzyme and caused an underestimation of 
MCCase activity in the extracts. To eliminate this potential 
explanation, leaf and root extracts were mixed and subsequently 
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assayed for MCCase activity. MCCase activity from each tissue was 
additive and thus no evidence for the presence of an inhibitor was found 
(data not shown). 
To ascertain whether the differences in the specific activity of 
MCCase between leaves and roots was due to different levels of 
accumulation of the biotin subunit of MCCase, we performed Western 
blot analyses using the antibody specific to this subunit of the enzyme. 
Aliquots of crude extracts from leaves and roots containing equal 
amounts of protein were fractionated by SDS-PAGE. The resulting gel 
was subsequently analyzed by Western transfer and the biotin subunit 
of MCCase was immunologically detected and quantitated. Surprisingly, 
densitometric scans indicated the intensity of the protein band was 
about equal in the extracts from roots and leaves (Fig. 1C). Consistent 
with the nearly equal accumulation of the biotin subunit of MCCase in 
leaves and roots, we found that the accumulation of the mRNA coding 
for this subunit to be at equal levels in both organs (Fig. 1B), These 
findings lead us to conclude that the ten-fold difference in MCCase 
activity between leaves and roots is not due to differences in gene 
expression. Both the steady state mRNA levels and the steady state 
levels of the biotin subunit of MCCase are equal in both organs. 
Therefore, the enzyme that accumulated in roots appears to be 
catalytically more efficient than the enzyme which accumulated in 
leaves. 
Differential Biotinylation of MCCase in Roots and Leaves— The 
catalytic efficiency of an enzyme can be regulated by a number of 
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mechanisms, one of which is post-translational modification. In the 
case of MCCase, one post-translational modification reaction that is 
essential for enzyme activity is biotinylation. To test whether 
differential biotinylation of MCCase in roots and leaves maybe the 
cause of the difference in the activity of MCCase in these organs, 
extracts from each organ were subjected to Western blot analysis 
probed with •'25|.streptavidin. This analysis demonstrates that the 
biotin subunit of MCCase is biotinylated to a higher degree in roots than 
in leaves. Indeed, the intensity of the protein band revealed by 125|_ 
streptavidin was 10- to 12-fold higher in roots than in leaves (Fig. 1D), 
consistent with the difference in MCCase activity. These results were 
confirmed by Western blots of root and leaf extracts in which aliquots 
containing equal amounts of MCCase activity were subjected to 
analysis. In these analyses. The biotin prosthetic group on the MCCase 
biotin subunit was detected by "issi-gtreptavidin. Both leaf and root 
MCCases were found to contain equal amount of the biotin prosthetic 
group (Fig. 1E), in direct correlation with the amount of MCCase 
activity loaded on the blot. 
The finding that the different levels of MCCase activity in roots and 
leaves is caused, in part by differential biotinylation of the enzyme 
leads us to predict that a pool of apo-MCCase is present in tomato 
leaves. This pool of apo-MCCase was identified by the experiment 
illustrated In Fig. 2. An SDS-denatured protein extract prepared from 
tomato leaves was chromatographed over an avidin-agarose affinity 
matrix to remove all the biotin-containing polypeptides from the 
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extract. The biotin-containing polypeptides were subsequently eluted 
from the matrix with boiling 2% SDS. An aliquot of the original 
extract, and the fraction containing biotin-containing polypeptides, 
free of biotin polypeptides, were fractionated by SDS-PAGE and the 
resulting gel was subjected Western analyses. There were no 
detectable biotin-containing polypeptides in the avidin nonbinding 
fraction as revealed by "issj-streptavidin. However, the antisera to the 
biotin subunit of MCCase detects the presence of this subunit in the 
avidin nonbinding fraction (Fig. 2A, Lane 2). This immunologically 
detectable subunit of MCCase does not contain biotin and represents the 
pool of apo-MCCases in tomato leaves. 
Biotin Content in Leaves and Roots— The different biotinylation 
status of MCCase in leaves and roots of tomato may be a consequence of 
the availability of biotin in each of these organs, in which case this 
potential regulatory mechanism would not be specific to MCCase but 
would be common to all biotin enzymes. This phenomenon has been 
previously observed in Achromobacter grown in the absence of biotin 
(Hopner and Knappe, 1965), in which case 20% of the MCCase was in the 
apoenzyme form. 
To test this hypothesis we determined the biotin content in leaves 
and roots of tomato plants. Results of the biotin assays with extracts 
from roots and leaves are summarized in Table 2. Total biotin content 
was higher in leaves than in roots, by a factor of 4. The majority of the 
biotin in both organs was free, not protein-bound. Protein-bound biotin 
accounted for 15-25% of the total biotin in both organs. Therefore, the 
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presence of apo-MCCase in tomato leaves was not due to the lower 
availability of biotin in this organ, but must be due to another 
mechanism. 
The total biotin concentration in leaves of tomato is in the range of 
the reported concentration of biotin in siliques and cauline leaves of 
Arabidopsis thaliana (Shellhammer and Meinke; 1990). The biotin 
concentration in the rosette leaves of A. thaliana were slightly lower 
than our findings (about 20 ng/g for A. thaliana). As with our findings, 
Baldet et al., (1993), reported that the majority of the biotin in pea 
leaves and mesophyll protoplasts is free, not protein-bound. 
Interestingly, when we express our biotin concentration data on a per 
mg protein basis we obtain values that are approximately 10-times 
higher than those reported from pea (Baldet et al., 1993). The 
difference maybe due to the fact that these workers determined biotin 
content in isolated mesophyll protoplasts, whereas our determinations 
were done on the extracts from intact organs. The differences may 
Imply that the majority of the biotin in plants may be extra-cellular. 
Summary and Physiological Significance— The metabolic function 
of MCCase in plants is as yet to be established. Extrapolation from 
animals and bacteria would suggest that it is involved in the 
catabolism of leucine, and in the "mevalonate shunt" by which 
mevalonate can be metabolized to nonisoprenoid compounds. 
Radiotracer studies with plants provided with either i^c-ieucine 
(Stewart and Beevers, 1967) or i^c-mevalonate (Nes and Bach, 1985) 
have provided evidence that leucine catabolism and the mevalonate 
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shunt operate in planta. However, the regulation of these two 
interconnected pathways and the significance of these pathways to the 
physiological status of the plant is unclear. Furthermore, the extent to 
which leucine maybe catabolized by an alternate peroxisomal pathway, 
which does not require MCCase (Gerbling and Gerhardt, 1989), is 
unknown. 
The studies described herein were undertaken to begin to address 
some of these questions. We found the MCCase activity is highest in 
the roots, a nonphotosynthetic organ. In fact a cursory examination of 
the organ distribution of MCCase in tomato indicates an inverse 
relationship between photosynthetic competence of the organ and 
MCCase activity. This would be consistent with the Idea that MCCase 
functions in leucine catabolism in planta, which may be higher in 
nonphotosynthetic organs to generate ATP and reducing equivalents by 
respiration of carbon derived from leucine. The catabolism of leucine 
for respiration in nonphotosynthetic tissues is probably part of a 
general process of catabolism for the purposes of respiration. 
In attempting to uncover the mechanisms that generate a ten-fold 
difference in MCCase activity between leaves and roots, we discovered 
that differential biotinylation of the apoenzyme plays a significant 
role in regulating MCCase activity. The presence of apo-biotin enzymes 
have previously been reported in bacteria and animals (Kosow and Lane, 
1961a; 1961b; 1962a; 1962b; Kosow et al., 1962; Jocobs and Majerus, 
1970; Deodhar and Mistry, 1969a; 1969b). In these reports, the 
occurrence of apo-biotin enzymes was due to biotin deficiency. Thus 
I 
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biotinylation was not a regulatory mechanism for the regulation of 
enzyme activity. Here, we report for the first time, that biotinylation 
Is an Important regulatory mechanism by which MCCase activity is 
differentially regulated in different organs of tomato. 
The biochemical mechanism that leads to the differential 
biotinylation of MCCase in roots and leaves requires additional 
research. One potential mechanism for this maybe the expression of 
different isoenzymes of MCCase in leaves and roots, which differ in 
their ability to act as substrates for the holocarboxylase synthetase, 
that is the leaf MCCase isoenzymes maybe a poorer substrate for the 
holocarboxylase synthetase, than are the root MCCase isoenzymes. The 
presence of isoenzymes of MCCase has been reported in soybean (Song 
et al., submitted), however, there was no indication of differential 
biotinylation in that system. The other potential explanation for the 
different biotinylation state of MCCase, is that it Is a product of 
differential activity by the holocarboxylase synthetase in roots and 
leaves. 
The presence of a pool of apo-MCCase in leaves of tomato leads to a 
number of questions as to the nature of the apoenzyme. MCCase is 
present in mitochondria of animals (Hector et al., 1980) and plants 
(Baldet et al., 1992; Crane et al., in preparation): therefore, it will be 
interesting to ascertain where the apo-MCCase subunit accumulates in 
the cell. If it is located in mitochondria, is it incorporated Into the 
holoenzyme, in which case what effect does it have on the enzyme? 
Research to address these questions will undoubtedly lead to new and 
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Interesting Information about the regulation and structure of blotin 
enzymes. 
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Table I. Organ Distribution of MCCase in Tomato 
MCCase Activity ^ 
Organs 
nmol/min mg protein nmol/min g fresh weigiit 
Leaves 4.9 ± 
to d 2.02 ± 0.23 
Stems 5.8 ± 0.5 1.09 ± 0.33 
Roots 40.3 ± 5.1 1.01 ± 0.30 
Ripening Fruits 10.4 ± 1.2 0.92 ± 0.15 
Ripe Fruits 24.5 ± 3.5 1.16 ± 0.19 
^Average of five determination 
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Table II. Biotin Content in Tomato Leaves and Roots ® 
Biotin 
Leaves Roots 
ng/g fresh weight ng/mg protein ng/g fresh weight ng/mg protein 
Total 189 ± 20 18.0 ± 2.0 4 4  ± 7  15.6 ± 2.4 
Bound 5 1  ± 6  4.9 ± 0.5 6.3 ± 1.1 2.2 ± 0.3 
Free 130 ± 10 15.6 ± 2.8 2 8  ± 5  9.8 ± 3.3 
®Average of five determination 
FIG. 1. Differential Accumulation of the Biotin Subunit of 
MCCase and its mRNA in Leaves and Roots of Tomato. Equal 
amounts of RNA (25 ng) Isolated from leaves (Lane 1) and roots (Lane 2) 
of tomato were fractionated by electrophoresis in a formaldehyde-
containing agarose gel. The resulting gel was stained by EtBr (Panel A) 
or subjected Northern blot analysis and probed with a cDNA coding for 
the biotin subunit of tomato MCCase (BTN cDNA, Wang et al., 
submitted), (Panel B). Equal amounts of protein (20 |ig) extracted from 
leaves (Lane 1) and roots (Lane 2) of tomato were analyzed by SDS-
PAGE. The resulting gels were subsequently subjected Western blot 
analyses. The filter was sequentially incubated with antiserum to the 
biotin subunit of tomato MCCase and "i^Si-Protein A (see Material and 
Methods), (Panel C). After removal of the antibodies and i25|_protein A 
with 0.2 M Glycine-HCI (pH 2.2), 0.5 M NaCI, the filter was incubated 
with •'251-streptavidin to detect biotin prosthetic group on the biotin 
subunit of MCCase (Panel D). Aliquots of extracts containing equal 
amount of MCCase activity isolated from leaves (Lane 1) and roots 
(Lane 2) of tomato were subjected to SDS-PAGE and subsequently 
Western blot analysis with •'25|.streptavidin (Panel E). 
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FIG. 2. Detection of Apo-MCCase in Leaves of Tomato. A 
denatured protein extract (Lane 1) from tomato leaves was subjected 
to affinity cfiromatography with immobilized avidin. Proteins that did 
not bind to the column were collected (Lane 2) and after extensive 
washing of the column biotin-containg polypeptides were eluted (Lane 
3). These three fractions were subjected to SDS-PAGE and Western 
blot analysis. Pane! A, the blot was sequentially Incubated with 
antiserum to the biotin subunit of tomato MCCase and "^^Si-Protein A. 
Panel B, the blot was incubated with I25|_streptavidin to detect 
biotin-containing polypeptides. 
1 5 0  
A 
(kPa) 
215 -
105 -
70 — 
B 
12 3 12 3 
43 — 
—78 kDa 
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GENERAL SUMMARY AND CONCLUSIONS 
The genes and cDNAs coding for MCCase were isolated, for the first 
time, as described in this dissertation. This is also the first molecular 
cloning of genes and cDNAs coding for plant biotin enzymes. The 
original identification of the cDNA coding for the biotin subunit of 
MCCase was accidentally made by the fact that when the cDNA was 
expressed in E. coli its protein product was biotinylated (Hoffman et 
al., 1987). Sequencing of this cDNA indicated that it codes for a 
polypeptide which had Ala-Met-Lys-Met, a tetrapeptide that occurs in 
most of the biotin enzymes. These findings suggested that this cDNA 
might code for a tomato biotin enzyme. This hypothesis was 
particularly interesting since knowledge of biotin enzymes in plants 
was very limited and none of the genes or cDNAs coding for plant biotin 
enzymes were cloned. 
To ascertain whether this cDNA was from a gene that codes for a 
biotin enzyme in tomato and to identify this enzyme, three longer 
cDNAs were isolated. The nucleotide sequences were determined from 
these cDNAs. They were also expressed in E coli as chimeric proteins 
and these proteins were purified to homogeneity. The antisera 
generated against the expressed proteins from these cDNAs reacted 
solely with a 78 kDa polypeptide in tomato leaf protein extracts. This 
polypeptide was identified as a biotin-containing protein by the fact it 
specifically bound to avidin but not to the avidin which was 
preincubated with free biotin. 
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The enzymatic identity of this biotin-containing polypeptide was 
identified as MCCase, Aliquots of tomato leaf protein extracts 
containing ACCase, PCCase, MCCase and PCase activities were 
incubated with the antisera or preimmune serum to the expressed 
proteins from these tomato cDNAs. In these experiments, only MCCase 
activity was inhibited by the antisera, which demonstrates that the 78 
kDa biotin-containing polypeptide is a component of MCCase. The 
conclusion was further supported by the purification of MCCase from 
tomato leaves. 
Comparison of the deduced amino acid sequence from the cDNA 
clones of the biotin subunit of MCCase with other biotin enzymes 
suggests that the 78 kDa subunit of MCCase carries biotin carboxylase 
and biotin carboxyl carrier functions. The amino acid sequence in 
between of the two domains have low homology among biotin enzymes. 
Immunological studies indicate that this region does not participate 
catalytic process of the enzymes. 
In addition, the predicted secondary structures of the amino acid 
sequence surrounding the biotinylation site were found to be highly 
conserved. Along with conserved secondary structures, a set of 
hydrophobic amino acids were found to be conserved among biotin 
enzymes. A hypothesis was proposed based on these findings that they 
might be the structural features that define the lysine residue for 
biotinylation by the holocarboxylase synthetase. 
Two distinct genomic clones coding for the biotin subunit of MCCase 
were isolated from a tomato genomic library. Both genomic clones 
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were characterized in terms of restriction map and location of the 
sequences coding for the biotin subunit of MCCase. The biotin subunit 
is coded by a small gene family in the tomato genome, with at least 
two copies of the gene. 
The tomato MCCase was partially purified from leaves. The enzyme 
is composed of two different types of subunits. The larger subunit 
contains biotin and has a molecular weight of 78,000. The smaller 
subunit does not contain biotin and has a molecular weight of 60,000. 
The molecular weight of the native MCCase was determined, by gel 
filtration chromatography and nondenaturing polyacrylamide gel 
electrophoresis to be in the range of 1,000 kDa -1,400 kDa. 
In a survey of tomato organs, MCCase was found in all the organs 
examined. Its specific activity is highest in roots, followed in 
descending order by ripe fruit, ripening fruit, stems, and leaves. The 
apparent inverse relationship between MCCase activity in the organ and 
the photosynthetic capacity of that organ is consistent with MCCase 
having a role in leucine catabolism to generate ATP and reducing 
equivalents when these cannot be produced by photosynthesis directly. 
The biochemical mechanism by which the 10-fold difference in 
MCCase activity between leaves and roots was investigated. These 
studies indicated that MCCase activity is regulated by the differential 
biotinylation of the enzyme, with biotinylation occurring more 
efficiently in roots than in leaves. This poor biotinylation of the apo-
MCCase in leaves is not due to the lower concentration of biotin in this 
organ. Suggesting that biotinylation of apo-MCCase is a specifically 
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regulated process, probably via the regulation of hoiocarboxylase 
synthetase. 
1 5 5  
LITERATURE CITED 
Alberts, A. W. and Vagelos, P. R. (1968) Proc. Natl. Acad. Sci. U. S. A., 
59, 561-68. 
Alberts, A. W., Nervi, A. M., and Vagelos, P. R. (1969) Proc. Natl. Acad. 
Sci. U. S. A.. 63, 1319-1326. 
Alberts, A, W., Gordon, S. G, and Vagelos, P. R. (1971) Proc. Natl. Acad. 
Sci. U. S. A., 68, 1259-1263. 
Alberts, A. W., and Vagelos, P. R. (1972) In The Enzymes (Boyer, P. D., 
ed) Vol. 6, pp. 37-82, Acadamic Press, Orlando, FL 
Al-Feel, W., Subrahmanyam, S. C., and Wakil, S. J. (1992) Proc. Natl. 
Acad. Sci. U. S. A., 89, 4534-4538. 
Apitz-Castro, R., Rehn, K., and Lynen, F. (1970) Eur. J. Biochem. 16, 71 
Baldet, P., Alban, C., Axiotls, S., and Douce, R. (1992) Plant Physiol. 99, 
450-455 
Baldet, P., Alban, C., Axlotis, S., and Douce, R. (1993) Arch. Biochem. 
Biophys. 303, 67-73 
Bessoule, J-J., Lessire, R., and Cassagne, (1989) Arch. Biochem. Biophys. 
268, 475-484 
Boas, M. A. (1927) Biochem. J., 21, 712. 
Browner, M. F., TaronI, F., SztuI, E., and Rosenberg, L. E. (1989) J. Biol. 
Chem. 264, 12680-12685 
Cantwell, S. G., Lau, E. P., Watt, D. S., and Fall, R. R. (1978) J. Bacterid. 
135, 324 
Charles, D. J., and Cherry, J. H. (1986) Phytochem. 25, 1061-1071 
1 5 6  
Coon, M. J. (1950) J. Biol. Chem. 187, 71 
Coon, M. J., and Gurin, S. (1949) J. Biol. Chem.. 180, 1159 
Coon, M. J,, Robinson, W. G., and Bachhawat, B. K. (1955), In Amino Acid 
Metabolism, (McElroy, W. D., and Glass, H. B., ed) Johns Hopkins Press, 
Baltomore, pp. 431 
Dakshinamurti, K. and Bhagavan, H. H,(1985) Ann. N. Y. Acad. Sc/. 447, 1-
441. 
Deodhar, A. D., and Mistry, S. P. (1969a) Biochem. Biophys. Res. Commun. 
34, 755 
Deodhar, A. D., and Mistry, S. P. (1969b) Arch. Biochem. Biophys. 131, 
507 
Deodhar, A. D., and Mistry, S. P. (1969c) Arch. Biochem. Biophys. 129, 
321 
Domnas, A. (1962) J. Biochem., 52, 149 
Du Vigeaud, V., Melville, D. B., Gyorgy, P., and Rose, C. S., (1942) 
Science, 92, 62. 
Egli-Buhler, B., and Ebel, J. (1983) Eur. J. Biochem. 133, 335-339 
Egli, M. A., Gengenbach, B. G., Gronwald, J. W., Somers, D. A., and Wyse, D, 
L. (1993) Plant Physiol. 101, 499-506 
Egli, M. A., Gengenbach, B. G., Gronwald, J. W., Somers, D. A., and Wyse, D. 
L. (1992) Maize Coop. Genet Newslett. 66, 94-95 
Eisenberg, M. (1987) In Escherichia coll and Salmonella typhimurium: 
Cellular and Molecular Biology (F. C. Neidhardt. ed.), American 
Society of Microbiology, NY, pp. 545-550. 
Fall, R. R., and Hector, M. L. (1977) Biochem. 16, 4000-4005 
1 5 7  
Fall, R. R. (1981) Methods in EnzymologyTl, 791-799 
Freytag, S. O., and Collier, K. J. (1984) J. Biol. Chem. 259, 12831-
12837. 
Galivan, J. H., and Allen, S. H. G. (1968) Arch. Biochem. Biophys. 126, 
838 
Galivan, J. H., and Alien, S. H. G. (1967) Federation Proc. 26, 562 
Genbauffe, F. S., and Cooper, T. G. (1991) DNA Sequence 2, 19-32 
Gerbling, H. and Gerfiardt, B. (1989) Plant Physiol. 9^, 1387-1392 
Gerwin, B. I., Jocobson, B., Lygre, D. G., and Wood, H. G., (1970) 
Federation Proc. 28, 853 
Gorham, J. (1980) Prog. Phytochem.6, 203-252 
Green, N. M, (1975) Adi/. Protein Chem., 29, 85-134. 
Gregolin, C., Ryder, E., Warner, R. C., Kleinschmidt, A. K., Chang, H.-C., 
and Lane, M. D. (1968) J. Biol. Chem., 243, 4236 
Gucliliait, R. B., PoIal<is, S. E., Dimroth, P., Stoll, E., Moss, J. and Lane, M. 
D. (1974) J. Biol. Chem. 249, 6633-6645 
Hahlbrock, K. (1981) In The Biochemistry of Plants: A Comprehensive 
Treatise (Stumpf, P. K., ed) Vol. 7, pp. 425-456, Academic Press, 
New York 
Halenz, D. R., Feng, J.-Y.., Hegre, C. S., and Lane, M. D. (1962) J. Bioio. 
Chem. 237, 2140 
Hector, M. L., and Fall, R. R. (1976) Biochemistry ^5, 3465 
Hellyer, A., Bambridge, H. E., ans Slabas, A. R. (1986) Biochem, Soc. 
Trans Lend. 14, 565-568 
1 5 8  
Himes, R. H., Young, D. L, Ringelmann, E, and Laynen, F. (1963) Biochem. 
Z. 337, 48 
Hoffman, N. E., Pichersky, E., and Cashmore, A. R. (1987) Nucleic Acids 
Res. 15, 3928-3929 
Hopner, T., and Knappe, J. (1965) Biochem. Z. 342, 190 
Hunaiti, A. R., and Kolattukudy, P. E. (1982) Arch. Biochem. Biophys. 
216, 362-371 
Jacobs, R., and Majerus, P. W. (1970) Federation Proc. 29, 735 
Kannangara, C. G., and Jensen, C. G. (1975) Eur. J. Biochem. 54, 25-30 
Knappe, J., Biederbick, K., and Brummer, W (1962) Angew. Chem.7^, 432 
Knappe, J., Wenger, B., and Wiegand, U. (1963) Biochem. Z. 337, 232 
Knappe, J., Ringelmann, E., and Lynen, F. (1961) Biochem. Z 335, 168 
Knowles, J. R. (1989) Annu. Rev. Biochem. 58, 195-221. 
KogI, F., and Tonnis, B. (1936) Z. Physiol. Chem., 242, 43. 
Kolattukudy, P. E., Croteau, R., and Buckne, J. S. (1976) In Chemistry and 
Biochemistry of natural Waxes (Kolattukudy, P. E., ed) pp. 289-347, 
Elsevier, New York 
Kondo, H., Shiratsuchi, K., Yoshimoto, T., Masuda, T., Kitazono, A., Tsuru, 
D., Anal, M., Sekiguchi, M., and Tanabe, T. (1991) Proc. Natl. Acad. Sci. 
U. S. A. 88, 9730-9733 
Koops, A. J., Italiaander, E. and Groeneveld, H. W. (1991) Plant Sci. 74, 
193-201 
Kosow, D. P., and Lane, M. D. (1961a) Biochem. Biophys. Res. Commun. 5, 
191 
1 5 9  
Kosow, D. P., and Lane, M. D. (1961b) Biochem. Biophys. Res. Commun. 4, 
92 
Kosow, D. P., and Lane, M. D. (1962a) BFederation Proc. 21, 286 
Kosow, D. P., and Lane, M. D. (1962b) Biochem. Biophys. Res. Commun. 7, 
439 
Kosow, D. P., Huang, S. C., and Lane, M. D. (1962c) J. Biol. Chem. 237, 
3633 
Kraus, J. P., Firgaira, F., Novotny, J., Kalousek, F., Williams, K. R., 
Williamson, C., Ohura, T., and Rosenberg, L. E. (1986) Proc. Natl. Acad. 
Sci. U. S. A. 83, 8049-8053 
Lamiionwali, A-M., Barankiewicz, T. J., Willard, H. F., Mahuran, D. J,, 
Quan, F., and Gravel, R. A. (1986) Proc. Natl. Acad. Sci. U. S. A. 53, 
4864-4868 
Lamhonwah, A-M,, Quan, F., and Gravel, R. A. (1987) Arch. Biochem. 
Biophys. 254, 631-636. 
Lane, M. D., Young, D. L., and Lynen, F. (1964a) J. Biol. Chem. 239, 2858-
2864 
Lane, M. D., Rominger, K. L, Young, D. L., and Lynen, F. (1964b) J. Biol. 
Chem. 239, 2865 
Lau, E. P., Cochran, B. C., and Fall, R. R. (1980) Arch. Biochem. Biophys. 
205, 352-359 
Lau, E. P., and Fall, R. R. (1981a) Methods in Enzymologyll, 800-805 
Lau, E. P., and Fall, R. R. (1981b) J. Chromotography 205, 213-217 
Lau, E. P., Cochran, B. C., Munson, L., and Fall, R. R. (1979) Proc. Acad. 
Sci.  U. S. A. 76,214 
1 6 0  
Laupermair, E., Schwarz, E., Oesterhelt, D., Reinke, H., Beyreuther, K., 
and Dimroth, P. (1989) J. Biol. Chem.264, 14710-14715 
Li, S.-J., and Cronan, J. E. (1992a) J. Biol. Chem. 267, 855-863 
Li, S.-J., and Cronan, J. E. (1992b) J. Biol. Chem. 267, 16841-16847 
Lim, F., Morris, C. P., Occhiodoro, F., and Wallace, J. 0.(1988) J. Biol. 
Chem. 263, 11493-11497 
Liu, Y., Hoffman, N. E., and Yang, S. F. (1983) Planta "i 58, 437-441 
Lopez-Cassilas, F., Bai, D.-H., Luo, X., Kong, L-S., Hermodson, A., and 
Kim, K.-H. (1988) Proc. Natl. Acad. Soi. U. S. A. 85, 5785-5788 
Lynen, F. (1979) Crit. Rev. Biochem.7, 103-119 
Lynen, F., Knappe, J., Lorch, E., Jutting, G., Ringelmann, E., and Lachance, 
J.-P., (1961) Biochem. Z, 335, 123 
McAllister, H. C., and Coon, M. J. (1966) J. Biol. Chem. 24% 2855-2861 
Meyer, H., Nevaldine, B. and Meyer, F. (1978) Biochem. 17, 1822-1827 
Mildvan, A. S., Fry, D. C., and Serpersu, E. H. (1991) In A Study of 
Enzymes (Kuby, S. A., ed.) Vol. 2, pp 105-115, CRC Press, Boca Raton. 
Mishina, M., Roggenkamp, R. and Schweizer, E. (1980) Eur. J. Biochem. 
111, 79. 
Moss, J. and Lane, M. D. (1971) Adv. Enzymol. 35, 321-442. 
Murtif, V. L., Bahler, C. R., and Samols, D. (1985) Proc. Natl. Acad. Soi. U. 
S. A. 82, 5617-5621. 
Nikolau, B. J., and Hawke, J. C. (1984) Arch. Biochem Biophys. 228, 86-
96 
1 6 1  
Nikolau, B. J., Wurtele, E. S., and Stumpf, P. K. (1984a) Plant Physiol.75, 
895-901 
Nikolau, B. J., Wurtele, E. S., and Stumpf, P. K. (1984b) Arch. Biochem. 
Biophys. 235, 555-561 
Nikolau, B. J., Wurtele, E. S., and Stumpf, P. K. (1985) Anal. Biochem. 
149, 448-453 
Nikolau, B. J., Croxdale, J., and Wurtele, E. S. (1987) In The Metabolism, 
Structure and Function of Plant Lipids (Stumpf, P. K., and Nes, W. D. 
ed) Plenum Press, pp. 517-519 
Nikolau, B. J., Wurtele, E. S., Caffrey, J., Chen, Y., Crane, V., Diez, T., 
Huang, J., McDowell, M., Shang, X., Song, J., Wang, X., and Weaver, L. M. 
(1993) In Proceedings of US-Japen Bi-National Seminar on the 
Biochemical and Molecular-Biological Aspects of Membrane and 
Storage Lipids of Plants, December 1992 (Sommerville, C. R. and 
Murata, M. ed) American Society of Plant Physiologists Press, In 
press 
Ogawa, T., Fukuta, M., and sasaoka, K. (1973) Biochem. Biophys. Acta. 
297, 60-69 
Overton, K. H. (1985) In Primary and Secondary Metabolism of Plant Cell 
Cultures (Neumann et al. éd.), Springer-Verlag, Berlin, pp. 225-234 
Packter, N. M. (1980) In The Biochemistry of Plants: A Comprehensive 
Treatise (Stumpf, P. K., ed) Vol. 7, pp. 535-540, Academic Press, 
New York 
Plaut, G. W. E. (1951) Proc. Soc. Exptl. Biol. Med. 78, 769 
Plaut, G. W. E. and Lardy, H. A. (1951) J. Biol. Chem. 192, 435 
Boon, R. J., and Levenberg, B., (1969) Federation Proc., 28, 668 
1 6 2  
Samols, D., Thornton, C. G., Murtif, V. L, Kumar, G. K., Cari Haase, F., and 
Wood, H. G. (1988) J. BioL Chem. 263, 6481-6464 
Schiele, U., and Lynen, F. (1981) Methods in EnzymologyTI, 781-791 
Schiele, U., Niedermeier, R., Sturler, M., and Lynen, F. (1975) Eur. J. 
Biochem. 60, 259 
Schiele, U., and Sturzer, M. (1975) Eur. J. Biochem. 60, 267 
Schwarz, E., and Oesterheit, D. (1985) EMBO J. 4, 1599-1603 
Schwarz, E., Oesterheit, D„ Reinl^e, H., Beyreuther, K., and Dimroth, P. 
(1988) J. Biol. Chem. 263, 9640-9645 
Seubert, W,, Fass, E., and Remberger, U.(1963) Biochem. Z, 338, 265 
Seubert, W., and Remberger, U.(1963) Biochem. Z, 338, 245 
Shellhammer, J. and Meinke, D. (1990) Plant Physiol. 93, 1162-1167. 
Slabas, A. R., and Hellyer, A. (1985) Plant Soi. 39, 177-182 
Slabas, A. R., and Hellyer, A., Bambridge, H. E. (1986) Biochem. Soc Trans 
Lond. 14, 716 
Stern, J. R. (1967) Biochemistry 6, 3545 
Stumpf, D. K., and Burris, R. H. (1981) Plant Physiol. 68, 992-995 
Stumpf, D. K. (1987) In The Biochemistry of Plants: A Comprehensive 
Treatise (Stumpf, P. K., ed) Vol. 9, pp. 121-136, Academic Press, 
New York 
Su, L-Y., Liu, Y., and Yang, S. F. (1985) Phytochemistry 2^, 1141-1145 
Sutton, M. R., Fall, R. R., Nervi, A. M., and Alberts, A. W., Vagelos, P. R., 
and Bradshaw, R. A. (1977) J. Biol. Chem. 252, 3934-3940 
1 6 3  
Takai, T., Wada, K., and Tanabe, T (1987) FEBS Lett 212, 98-102 
Takai, T., Yokoyama, C., Wada, K., and Tanabe, T (1988) J. Biol. Chem. 
263, 2651-2657 
Traub, W. (1956) Nature, 178, 649 
Werkman, C. H., and Wood, H. G. (1942) Adv. Enzymol. 2, 135. 
Woehike, G., Wifling, K., and Dimroth, P. (1992) J. Biol. Chem. 267, 
22798-22803 
Wolf, B. and Heard, G. S. (1989) In The Metabolic Basis of Inhereted 
Disease, 6th edition (C. R. Scriver, A. L. Beaudet, W. S. Sly and D. 
Valle. eds.), McGraw-Hill Inc, pp. 2083-2103. 
Wolf, B., and Kalousek, F. (1978) Fed. Proc.37, 1310 
Wolf, D. E., Valiant, J., Peck, R. L, and Folkers, K.(1952) J. Amer. Chem. 
Soc. 74, 2002 
Wood, H. G., Allen, S. H. G., Stjernholm, R., and Jacobson, B., (1963) J. 
Biol. Chem. 238, 547 
Wood, H. G., and Barden, R. E. (1977) Ann. Rev. Biochem. 46, 385-413 
Wood, H. G. and Kumar, G. K. (1985) Ann. N. Y. Acad. Sci. 447, 1-22. 
Wurtele, E. S. and Nikolau, B. J. (1990) Arch. Biochem. Biophys. 278, 
179-186 
Wurtele, E. S. and Nikolau, B. J. (1992) Plant Physiol.99, 1699-1703 
Yu-lto, R., Oba, K., and Uritani, I. (1982) Agric. Biol. Chem. 46, 2087-
2091 
Zabin, I., and Bloch, K., (1950) J. Biol. Chem.. 185, 117 
1 6 4  
Zhang, J., Xia, W-L, Brew, K., and Ahmad, F. (1993) Proc Natl. Acad. Sci. 
U. S. A. 90, 1766-1770 
